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Zusammenfassung

In vielen marinen und einigen pathogenen Bakterien fungiert die Natriumionen pumpende

NADH:Chinon-Oxidoreduktase (Na+-NQR) als erster Komplex der Atmungskette. Der

Membranproteinkomplex mit einer Molmasse von 210 kDa besteht aus sechs Untereinheiten,

NqrA-F, und enthält zwei FMNs, ein FAD, Ubichinon-8 und ein Fe/S-Zentrum als

Redoxkofaktoren. Kürzlich wurde zudem ein Riboflavin gefunden.

In der vorliegenden Arbeit wurden die ersten Schritte des Elektronentransfers in der

Na+-NQR von Vibrio cholerae (NADH -> FAD -> [2Fe-2S]) aufgeklärt. Eine lösliche

Variante der NqrF-Untereinheit, im Folgenden als NqrF' (45 kDa) bezeichnet, und die das

Flavin bzw. das Fe/S-Zentrum tragenden Subdomänen (34 kDa bzw. 18 kDa) von NqrF

wurden als N-terminale His-tag-Fusionsproteine ohne den N-terminalen Membrananker

hergestellt.

NqrF' und die Flavindomäne enthielten je 1 mol/mol FAD und wiesen eine hohe NADH-

Dehydrogenase-Aktivität (20000 umol min"1 mg"1) mit Menadion und Ubichinon-1 als

Elektronenakzeptoren auf. Umfangreiche Redoxstudien ergaben, dass NqrF' und die Flavin¬

domäne bei Reduktion mit NADH ein blaues neutrales Flavosemichinonradikal bilden.

Für den FAD-Kofaktor in der Flavindomäne wurde ein Redoxpotenzial von

Em (FAD/FADH2) = -286 ± 17 mV ermittelt. Die Flavindomäne wird durch einen Überschuss

an NADH vollständig reduziert, während in NqrF' ein Teil des Flavosemichinons bestehen

bleibt und das Fe/S-Zentrum teilweise reduziert wird, wie durch UV/Vis- und Elektronen-

spinresonanz (EPR)-Spektroskopie bestätigt wurde. Demzufolge wird in NqrF' nach dem

einleitenden Hydridtransfer von NADH auf FAD ein Elektron vom FAD auf das

Fe/S-Zentrum übertragen, wobei ein Flavosemichinon entsteht. Daraus lässt sich schliessen,

dass die NqrF-Unterheit als Elektroneneintrittsstelle der Na+-NQR fungiert. Der auf NqrF

nachgewiesene Elektronentransfer setzt einen geringen Abstand zwischen dem FAD und dem

Fe/S-Zentrum voraus. Übereinstimmend wurde ein Abstand von 9 Â durch Modellierung der

dreidimensionalen Struktur von NqrF, basierend auf der Homologie zur Benzoate-1,2-

Dioxygenase-Reduktase bekannter Struktur, vorhergesagt.

Die Flavindomäne kristallisierte unter einigen Bedingungen, und ein gelber hexagonal-

prismatischer Kristall zeigte ein proteintypisches Diffraktionsmuster von 6 Â Auflösung. Die

Klärung der dreidimensionalen Struktur der Flavindomäne wird zur Aufdeckung der Struktur

der NqrF-Untereinheit und damit des gesamten Na+-NQR-Komplexes beitragen.
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Die Reinigung der überproduzierten Fe/S-Domäne von NqrF unter Ausschluss von Sauerstoff

und die nachfolgende in vzYro-Rekonstitution des Fe/S-Zentrums ermöglichten erstmalig

deren umfassende spektroskopische Untersuchung. Durch EPR—, UV/Vis—, CD (Zirkularer

Dichroismus)-, Magnetische CD-, und Mössbauer Spektroskopie wurde das Fe/S-Zentrum

als binukleares Fe/S-Zentrum mit tetrahedraler Schwefel-Koordination durch Cysteinreste

vom sogenannten „vertebrate-type" charakterisiert.
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Summary

In many marine and some pathogenic bacteria the sodium ion-pumping NADH:quinone

oxidoreductase (Na -NQR) represents the first respiratory complex. The membrane protein

complex of 210 kDa comprises six subunits, NqrA-F, and contains two FMNs, FAD,

ubiquinone-8 and one Fe-S cluster as redox cofactors and recently, riboflavin has been

found.

In the work presented in this thesis, the first electron transfer steps of the Na+-NQR from

Vibrio cholerae NADH —» FAD —» [2Fe-2S] on the NqrF subunit were elucidated. A soluble

variant of NqrF, further referred to as NqrF' (45 kDa), and its individual flavin- and Fe-S

carrying sub-domains (34 kDa and 18 kDa, respectively) were produced as N-terminal

His-tagged fusion proteins devoid of the N-terminal membrane anchor.

NqrF' and the flavin domain each contained 1 mol of FAD/mol and exhibited high NADH

dehydrogenase activity (20000 umol min"1 mg"1) with menadione and ubiquinone-1 as

electron acceptors. A detailed study of the redox properties revealed that NqrF' and its flavin

domain form a blue neutral flavosemiquinone radical upon reduction with NADH. The flavin

domain with an overall redox potential of Em (FAD/FADH2) = -286 ±17 mV is completely

reduced by excess NADH, whereas in NqrF', part of the flavosemiquinone persists and the

Fe-S cluster is partially reduced, as confirmed by UV-visible and electron paramagnetic

resonance (EPR) spectroscopy. Thus in NqrF', the initial hydride transfer from NADH to

FAD is followed by a one-electron transfer from FAD to the Fe-S cluster resulting in the

formation of a flavosemiquinone. It was concluded that NqrF functions as the electron entry

site ofNa+-NQR. The observed electron transfer on NqrF requires that the FAD and the Fe-S

cluster are positioned in close proximity. Accordingly, a distance of 9 Â between the two

redox cofactors of NqrF was predicted by a three dimensional model based on homology to

the known molecular structure of the related benzoatc 1,2-dioxygenase reductase.

The flavin domain crystallised under several conditions and a yellow hexagonal prismatic

crystal showed a protein-like diffraction pattern of 6 Â resolution. Solving the three

dimensional structure of the flavin domain will contribute to the determination of the structure

of the NqrF subunit and hence of the whole Na+-NQR complex.

The purification of the overproduced Fe-S domain of NqrF under exclusion of oxygen and

subsequent NifS-mediated in vitro reconstitution of the Fe-S centre allowed its detailed

spectroscopic characterization for the first time. EPR, visible absorption, circular dichroism,
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magnetic circular dichroism and Mössbauer spectroscopy revealed the presence of a binuclear

Fe-S cluster with tetrahedral sulphur coordination by cysteinyl residues of the vertebrate-type

on NqrF.
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Chapter 1: General Introduction

1.1 Sodium bioenergetics

Na4 is the second major coupling ion at membranes after protons. Sodium bioenergetics are

typically found in alkaliphilic, halophilic, anaerobic, thermophilic and some pathogenic

microorganisms (Dimroth, 1997; Hase and Barquera, 2001; Hicks and Krulwich, 1995;

Krulwich et al, 1996; Skulachev, 1994, 1996). In habitats which are characterised by high

external pH and/or high salinity, the intracellular pH has to be maintained or at least an

unfavourable contribution to the proton motive force A// from ApH, imposed by the

environment, to be minimized. Since phospholipid membranes are six to ten orders of

magnitude less permeable for Na+ than for if (Gennis, 1989), bacteria encountering increased

membrane permeability, e.g. thermophiles (Tolner et al, 1997), benefit from the utilization of

sodium cycle energy coupling. As in the case of protons, the polarity of Na+ transport

respective to the cytoplasmic membrane is positive outside. Primary sodium ion pumps build

up a Na+ gradient and thus contribute to the generation of a sodium motive force A//^ :

A//^ =FxA¥ + 23RT x ApNa+ (Eql )

with A!F = electrical membrane potential; R = universal gas constant, T = temperature,

F = Faraday constant, and ApNa+ = sodium gradient.

Primary sodium pumps are widespread among prokaryotes. They include decarboxylases,

such as the oxaloacetate decarboxylase of Klebsiella pneumoniae (Dimroth, 1986), the

methyltransferases of methanogenic archaea (Gottschalk and Thauer, 2001), the FoFi-

ATPases from Propionigenium modestum (Laubinger and Dimroth, 1987) and Ilyobacter

tartaricus (Neumann et ai, 1998), the V-type ATPase from Enterococcus hirae (Murata et

al, 2001) and Na+-translocating NADH:quinone oxidoreductases, e.g. complex I from

K. pneumoniae and the Na+-NQR of marine and pathogenic organisms, such as Vibrio

cholerae (Barquera et al, 2002a).

A/ï +,
as the proton motive force A/7//+, is a convertible energy currency. In addition to

primary sodium pumps, Na+/H+ antiporters contribute to A/2^ , exchanging ApH into ApNa^.

Na+/H+ antiporters are ubiquitously distributed and usually, bacteria harbour various types

depending on the growth conditions (Krulwich et al, 1994; Padan et al, 2001).
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Na+-NQR .Na+
Na+

a OAD

Pyr OAA

Na+

substrates
Na+

Figure 1: Putative Na -cycle of Vibrio cholerae

The curved black line symbolises the respiration chain with the Na+-NQR as first complex.
Primary Na+ pumps: Na+-NQR, Na+-translocating NADH:quinone oxidoreductase; OAD,

oxaloacetate decarboxylase, catalysing the decarboxylation of oxaloacetate (OAA) to

pyruvate (Pyr) (Dahinden, P., 2003, personal communication); Na+/H+ antiporters: NhaA,

NhaB, NhaD (Herz et al, 2003), putative Na+/H+ antiporter VAC0193 and VC2037, a

homolog to Yqkl (Wei et al, 2000); Na+-driven flagellar motor (Kojima et al, 1999);

Na+-dependent substrate symporters: GltS (glutamate), PutP (proline), VC2356 (alanine) and

the putative Na+/amino acid symporters (VC0794 and VC1422); CitS (citrate); NptA
(phosphate), homologous to the type II co-transporters of eukaryotes (Lebens et al, 2002);
Na+-driven multidrug efflux pump (VC1540, homologous to VcmA (Huda et al, 2001)).

The energy stored in the Na+ gradient, generated in the first half of the Na+ cycle (Figure 1), is

transduced into osmotic, mechanical or chemical work in its second part. Prokaryotes contain

a variety of sodium-substrate co-transport systems. The sodium ion enters the cell downhill

its electrochemical gradient. This ion gradient drives the uptake of a substrate against its

concentration gradient, resulting into accumulation of the given substrate within the cell

(Wilson and Ding, 2001). Sodium ion co-transport carriers were characterised specific for

proline, glutamate, serine-threonine, branched chain amino acids or citrate, respectively.

Other transport systems driven by the sodium motive force are the Na+/phosphate symporter,

rarely found in bacteria, and drug efflux pumps functioning as Na /drug antiporter. The

mechanical work of the polar flagellar motor is driven exclusively by the sodium motive force

in Vibrio species, same as the flagellar motors of alkaliphilic Bacilli (Krulwich et al, 2001)

and of some other microorganisms. In some prokaryotes, the sodium motive force is used to

synthesise ATP, the main carrier of free energy in the cell, by the above mentioned

Na+-dependent ATP synthases.



Introduction 7

1.2 Vibrio cholerae: physiology and life cycle

Vibrio cholerae is known as the causative agent of Asiatic cholera. While about 200

recognised O serogroups of environmental V. cholerae strains are harmless, only members of

the 01 and 0139 serogroup of V. cholerae are responsible for pandemic cholera. The

01 serogroup is divided into two biotypes: "Classical" characterised by a capsule, harbouring

two chromosomal copies of the single-stranded filamentous phage CTX<|), which contains the

structural genes for cholera toxin on a ctx Operon, and "El Tor", which produces hemolysins

and contains only one chromosomal copy of CTX<|> (Butterton et al, 1995; Mekalanos, 1985).

In this study non-toxic V. cholerae Ogawa 395 Nl (Mekalanos, 1983) was used, carrying

deletions in each of the two resident ctxA copies.

V. cholerae is a Gram-negative curved rod, motile by a single polar flagellum driven by a

Na+-dependent motor. All Vibrio species are chemoorganotrophic and facultative anaerobes

and can grow with glucose and NH4C1. They catabolise a wide variety of sugars, organic acids

and some amino acids (Baumann, 1984). Glucose is catabolised via a phosphoenolpyru-

vate:D-glucose phosphotransferase system and a constitutive Embden-Meyerhof pathway,

while D-gluconate is degraded by means of an inducible Entner-Doudoroff pathway. Mixed

acid fermentation yields the end-products formic, acetic, lactic succinic and pyruvic acids as

well as ethyl alcohol, acetoin and/or diacetyl. Some Vibrio sp. also can reduce nitrate to

nitrite.

V. cholerae can be easily distinguished from other Vibrio sp. by its capability to ferment

sucrose and its extremely low minimal sodium ion concentration requirements. In contrast to

the halophilicity of other Vibrio sp. optimal growth of V. cholerae is achieved from 5 to

513 mM NaCl. V. cholerae tolerates growth temperatures from 20-43°C and a pH range from

7.0 to 9.6 and survives refrigerating and freezing.

The life cycle of V. cholerae consists of a free-swimming phase in marine and estuarine

environments in association with Zooplankton, crustaceans, insects and water plants and of a

pathogenic phase inside the human host (Peterson, 2002). Major carbon sources under free-

living conditions are polymers, as indicated by presence of chitinase (Connell et al, 1998),

amylase, gelatinase and lipase activity. V. cholerae survives outside the host in the protective

microenvironment as biofilms on various surfaces (Watnick and Kolter, 1999) or, a still

debated thesis, in a viable but non-culturable (VNC) state during nutrient starvation (Colwell,

2000). Within the host the motile V. cholerae must evade the innate host defense mechanisms,
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penetrate the mucus layer covering the intestinal villi, adhere to and colonise the epithelial

surface of the small intestine, assume a non-motile phase, replicate and cause disease by

secreting numerous exoproteins at the site of infection. The voluminous diarrhoea associated

with cholera infection leads to the dissemination of the bacteria back into a watery

environment and thus a continuation of the environmental phase of the life cycle.

As an adaptation to these two different life styles virulence genes are strictly regulated both

spatially and temporally (Reidl and Klose, 2002). Main virulence factors besides the cholera

toxin, which is encoded by CTX<}>, residing in chromosome I, are encoded on the Vibrio

pathogenity island (VPI) and include the toxin-coregulated pilus TCP (structural gene tcpA),

accessory colonization factors ACFs and mannose-fucose-resistant hemagglutinin. TolC is

also required for effective colonization. In resistance to the host immune response during

colonization, LPS core oligosaccharides encoded by the wav genes play an essential role.

Further, activity of FlrC, a flagellar regulatory protein, affects colonization of the intestine by

V. cholerae. The expression of virulence genes is controlled by the cytoplasmatic

transcription activator ToxT. The toxT promoter is synergistically activated by the ToxR/S

and TcpP/H systems anchored to the cytoplasmic membrane. These systems are part of a

complex regulatory network, among others involving autoinducer signalling circuits,

reviewed in (Krukonis and DiRita, 2003; Reidl and Klose, 2002).

This strict regulatory control ensures that ctxA/B only is expressed when the bacteria have

reached their final destination, i.e. have attached to the villi of the epithelial cells in the

intestine. Only chemotactic active and motile individuals will arrive at this location. The

flagellar motor of V. cholerae is driven by the sodium motive force, which is above all

established by the Na+-pumping NADH:quinone oxidoreductase (Na+-NQR) of V. cholerae.

Interestingly, inactivation of Na+-NQR leads to elevated toxT expression and thus enhanced

expression of ctxA/B, a phenotype also observed in non-motile mutants (Gardel, 1996),

indicating that motility and virulence are regulated antagonistically (Hase and Mekalanos,

1999).

Hence, Na+-NQR plays an important role in V. cholerae, which makes it an interesting

research object. Furthermore, choosing V. cholerae offers several advantages: First, the

genome of V. cholerae El Tor N16961, consisting of two circular chromosomes with 2961146

(Chromosome I) and 1072314 (Chromosome II) base pairs, respectively, has been sequenced

(Heidelberg et al, 2000). Second, V. cholerae is accessible to genetic manipulation: DNA can

be introduced and transferred by conjugation (Yokota et al, 1972) and transduction (Ogg et

al, 1981), and transformation techniques have been established (Marcus et al, 1990).
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1.3 NADH:quinone oxidoreductases

NADH:quinone oxidoreductases mediate electron transfer from NADH to the quinone pool of

respiratory chains in prokaryotes and mitochondria and are classified in three groups.

NADH:quinone oxidoreductase of the NDH I type, comprising bacterial and mitochondrial

complex I, and of the Na+-NQR-type, restricted to bacteria, couple the exergonic oxidation

of NADH {EmJ (NADVNADH) = -320 mV) with quinone (Em,7 (Q/QH2) - +100 mV) to the

translocation of Na+ ions or protons (Gemperli et al, 2002; Hirst, 2003) across the

cytoplasmic or inner mitochondrial membrane, thus generating a sodium or proton motive

force, respectively.

NADHm + H+ + Q + nNa+in ^ NAD+in + QH2+ nNa+0Ut (Eq2)

(for complex I from Klebsiella pneumoniae: n = 2). By contrast, alternative NADH:ubi-

quinone oxidoreductases of the NDH II-type are non-electrogenic single subunit enzymes

harbouring one usually non-covalently bound FAD as redox prosthetic group.

Organisms can contain one or more pathways for respiratory chain NADH oxidation.

Saccharomyces cerevisiae e.g. lacks complex I, but possesses several alternative

NADH:ubiquinone oxidoreductases of the NDH II-type, whereas E. coli contains complex I

and NDH II and V. cholerae possesses Na+-NQR and NDH II. In mammalian mitochondria,

complex I is the only NADH:ubiquinone oxidoreductase. In mitochondria of certain fungi and

plants, complex I and rotenone-insensitive NADH-quinone oxidoreductases NDH II coexist.

In K. pneumoniae the nqr Operon, encoding Na+-NQR has been identified (Bertsova and

Bogachev, 2004), in addition to the already studied complex I (Gemperli et al, 2002;

Gemperli et al, 2003; Krebs et al, 1999).

The characteristic properties of these three types of NADH:quinone oxidoreductases, like

subunit composition, cofactor content and inhibitor sensitivities are given in Table 1.

1.3.1 Complex I (NDH I)

Mammalian mitochondrial Complex I is composed of at least 46 different subunits (Carroll et

al, 2002) with a total molecular mass of approximately 1000 kDa. This enzyme complex,

which spans the inner-mitochondrial membrane, bears one non-covalently bound FMN and

six to seven 4Fe^lS clusters, two 2Fe-2S clusters and endogenous quinones of unknown

number, e.g. three Q10 found in purified bovine complex I (Nakashima et al, 2002).
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Table 1: Characteristics of the three types ofNADH:quinone oxidoreductases

Na+-NQR bacterial NDH I

(complex I)

NDH II

Coupling ion Na+ H+ or Na+ not coupled

Cofactors

Subunits

FAD (non-covalent)

2 FMNs (covalent)

[2Fe-2S] cluster

Q8

riboflavin (non-

covalent)

6

FMN (non-covalent)

2 [2Fe-2S] clusters

6-8 [4Fe-4S] clusters

Q6 and Q8

13-14

FAD or FMN

(non-covalent or

covalent)

Mr. /kDa 210 530 45

Inhibitors Ag+

HQNO

korormicin

rotenone

piericidin A

flavone

HQNO = 2-«-heptyl-4-hydroxyquinoline Af-oxid

This cofactor composition is also valid for the bacterial NDH I (or complex I) composed of

13-14 subunits with a total mass of approximately 500 kDa. Since the bacterial NDH I is also

similar in inhibitor specificity and amino acid sequence of subunits to the eukaryotic

complex I, it is believed to represent the minimal functional core of complex I (Dupuis et al,

1998; Yagi et al, 1998; Yagi et al, 2003; Friedrich, 1998).

1.3.2 NDH II

Alternative NADH:ubiquinone oxidoreductases are found in the inner membrane of

mitochondria of various organisms, especially plants and fungi, and in the cytoplasmic

membranes of many bacteria. Recently, NDH II-type NADH:ubiquinone oxidoreductases

have been isolated from the thermophilic archaea Acidianus ambivalens and Sulfulobus

metallicus (Bandeiras et al, 2003; Gomes et al, 2001), which contain covalently bound

flavins in contrast to the bacterial and eukaryotic counterparts. In eukarya so-called internal



Introduction 11

and external NDH Us are distinguished, with respect to the orientation of the NADH-binding

site, facing the mitochondrial matrix or the cytoplasm, respectively (Kerscher, 2000). In some

cases NADPH is also accepted as a substrate. Some enzymes were described to be

Ca2+-dependent (Rasmusson et al, 1998).

1.3.3 Na+-NQR

The sodium ion-pumping NADH:quinone oxidoreductase (Na+-NQR) represents the first

respiratory complex in mainly marine and in some pathogenic bacteria (Barquera et al,

2002a; Steuber et al, 2002). Coupling of the exergonic redox reaction to the generation of a

sodium motive force makes Na+-NQR a central player in physiological Na+ cycle.

A Na+-dependent, protonophore-resistant NADH:quinone oxidoreductase activity was first

observed in the alkaliphilic halotolerant marine bacterium Vibrio alginolyticus (Tokuda and

Unemoto, 1982, 1984). Meanwhile, biochemical evidence for Na+-NQR activity in

Vibrio harveyi, V cholerae and Haemophilus influenzae has been reported (Zhou et al, 1999;

Barquera et al, 2002a; Hayashi et al, 1996). In many marine moderately halophilic Gram-

negative bacteria the nqr Operon was identified by a PCR technique using primers

homologous to regions of nqrF in V. alginolyticus and H. influenzae (Kato and Yumoto,

2000). The highly conserved nqr Operon is encoded within the genome of further members of

the genus Vibrio, e.g. V. costicola and V. parahaemophilus, and in (opportunistic) human

pathogenic Gram-negative bacteria like the enterobacteria Yersinia pestis, Shewanella

putrefaciens and K. pneumoniae. The nqr Operon was also detected in Neisseria gonorrhoeae,

Neisseria meningitidis, Pseudomonas aeruginosa and Porphyromonas ginginvalis (Hase and

Barquera, 2001). It has to be mentioned that several subunits of Na+-NQR are significantly

homologous to subunits of the so-called RNF (Rhodobacter Nitrogen Fixation) complex, a

novel family of NADH-dependent oxidoreductases (Schmehl et al, 1993; see also 5.3.2). As

a consequence, database searches often lead to the identification of rnf genes erroneously

designated to an nqr Operon.

The Na+-NQR, a membrane protein complex of 210 kDa, is composed of equimolar amounts

of six subunits, NqrA-F, encoded by the nqr Operon (Figure 2). For all subunits except from

NqrA transmembrane helices are predicted. NqrB, D, E are highly hydrophobic, with seven,

five or six putative transmembrane helices, respectively, whereas NqrF and NqrC are

anchored to the cytoplasmic membrane by a single transmembrane helix. Note that so far,

there are no experimental data confirming the cytoplasmic orientation of the peripheral NqrC

domain or the NqrA subunit.



12 Introduction

periplasm

Figure 2: Putative subunit topology of the Na -NQR from Vibrio sp.

The depicted interaction of subunits is based on sub-complexes found during the purification
of the Na" NQR from V. alginolyticus and on hydrophobicity plots of the individual subunits.

The highly hydrophobic subunits NqrB, D and E are shown in dark blue. The cofactor

composition is deduced from data obtained for V. harveyi, V. alginolyticus and V. cholerae.

The localization of ubiquinone-8 (Q8) and riboflavin is not known (question marks). The

FAD and the Fe-S cluster are predicted to reside on NqrF by sequence homology; adapted
from (Steuber, 2001).

The enzyme contains a variety of redox cofactors: ubiquinone 8, one 2Fe-2S cluster, two

FMNs, FAD (Pfenniger- Li et al, 1996; Nakayama et al, 2000; Hayashi et al, 2002), and

recently, non covalent riboflavin was found in a 1 mol/mol ratio in purified Na -NQR from

V. cholerae (Barquera et al, 2002b). The NqrF subunit comprises an N terminal

2Fc-fcrredoxin-like domain harbouring a Cys70-X^-Cys76-X2-Cys78 motif and a

C-terminal domain, homologous to the FNR (ferredoxin:NADP" oxidoreductase) family of

enzymes (Rich et al, 1995; Steuber, 2001; Hurley et al, 2002), containing a non -covalently

bound FAD and a binding motif for NADU. Thus NqrF is likely to function as the electron

input module of the complex, catalysing the initial NADU oxidation.

The two FMN cofactors are covalently bound to NqrB and NqrC, one each, with an unusual

linkage to a threonine residue via a phosphoester bond (Hayashi et al, 2001 ; Nakayama et al,

2000). Up to now, five modes of covalent flavin - protein linkages have been reported for FAD

and FMN: 8a-N(3)-histidyl, 8a N(l)-histidyl, 8a-S-cystcinyl, 8a O-tyrosyl or

6-S-cysteinyl (Edmondson and Newton-Vinson, 2001). The amino acid motif around the

FMN-linking threonine is well conserved, and only in two species, Neisseria gonorrhoeae

and Neisseria meningitidis, the threonine residue is replaced by a serine residue in NqrC,

which could possibly serve as an alternate ligand for FMN. In addition to the FMN cofactor,



INTRODUC HON 13

NqrB is predicted to contain a quinonc-binding site by inhibitor and mutagenesis studies

(Ilayashi et al, 2002; Nakayama et al, 1999) which could harbour the enzyme-bound

ubiquinone-8 or bind the substrate quinone or provide a pocket that is sufficiently large for

the binding of both.

Na+-NQR oxidises NADH and deaminoNADH, and ubiquinone seems to be the favoured

electron acceptor of NQR, because in membranes of V. alginolyticus the respiratory chain was

only activated by Na ions with ubiquinone as electron acceptor, while menaquinone

reductase activity was not Na^-dcpcndcnt (Uncmoto and Ilayashi, 1979). NADH dehydro¬

genase activity is Na*-independent (Pfcnnigcr-Li et al, 1996; Bogachev et al, 2001) and

catalysed by the NqrA/C/F sub-complex, former termed NADH dehydrogenase fragment

(Steuber et al, 1997, Nakayama et al, 1998). Only the complete complex is capable of

Na-stimulated ubiquinone-1 reduction to QH2 with NADH as the electron donor. Na'-NQR

is inactivated by AgT ions that cause the dissociation of the non-covalently bound FAD from

the NqrF subunit (Steuber et al, 1997) and by the non-competitive quinone mimicking

inhibitors 2-«-heptyW-hydroxyquinoline ./V-oxid (HQNO) and korormicin, an antibiotic

isolated from the marine bacterium Pseudoalteromonas sp. F420 (Hayashi et al, 2002;

Nakayama et al, 1999; Yoshikawa et al, 1999).

1.4 Flavoproteins

Flavoproteins are involved in an extraordinary wide range of biological processes:

dehydrogenation, activation of molecular oxygen, hydroxylation, monooxygenation, transfer

of electrons and "adjustment" of redox potentials, generation of excited states, emission of

light, photobiochemistry, including phototropism, photoclcavagc of DNA dimcrs (repair),

"bluc-Hght" reception and regulation (Ghisla and Edmondson, 2000). Flavins also are thought

to contribute to oxidative stress through their ability to produce superoxide. But they are also

involved in the reduction of hydroperoxides, products of oxygen-derived radical reactions

and so help to cope with oxidative stress.

The core structure of the flavin molecule is the isoalloxazine ring system, termed

6,7-dimcthyl-10-isoalloxazinc. When the hydrogen at N10 is substituted by D-ribityl, the

compound is named riboflavin, also known as vitamin B2. In flavin mononucleotide (FMN)

the D-ribityl side chain is phosphorylated at its terminal 5'-hydroxyl position. In flavin

adenine dinucleotide (FAD) the phosphorylated D-ribityl side chain is further bound to an
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AMP moiety via a pyrophosphate linkage. The isoalloxazinc moiety of flavin offers several

possibilities for interaction with various protein functions. It is chemically speaking

amphiphatic, i.e. the xylene moiety is hydrophobic and prone to interact with hydrophobic

areas, whereas the pyrimidine ring is relatively electron-deficient and hydrophilic, and is

comparable with pyrimidine bases in its capability to form hydrogen bonds (Ghisla and

Massey, 1986). Taking into account those various binding modes, it is obvious that flavin

binding to proteins cannot be easily predicted from amino acid sequence homology.

Flavocnzymes with similar function share a few invariable features respective to the geometry

of their active site, so examined for dehydrogenases (Fraaije and Matlevi, 2000). In most

flavoproteins the cofactor is non-covalently bound to the protein. The incorporation of the

flavin into the protein in vivo seems to proceed in the same manner in eu- and prokaryotes

(Massey, 2000). However, in vitro the flavin cofactor can usually spontaneously bind to the

apoprotein and even facilitate folding of a denaturated apoprotein, e.g. tlavodoxin ofDesulfo—

vibrio desulfuricans (Caldcira et al, 1994).

The basis for the role of flavins as redox catalysts is the capability to undergo rapid reversible

one- and two-electron oxidation-reduction reactions (Figure 3). They are therefore prone to

shuttle electrons from two-electron carriers as NAD(P)H or succinate to onc-clcctron carriers

as Fc-S clusters. The flavin is cither reduced directly to its two-electron-rcduccd form, the

hydroquinone, or via its onc-clcctron-reduccd state.

The redox potentials for the two-electron reductions of FMN and FAD in free solution at

pH 7 are -205 and -219 mV, respectively (Lowe and Clark, 1956; Draper and Ingraham,

1968). Protein-bound flavins have redox potentials ranging from less than -300 mV to up to

80 mV (Stankovich, 1991). Redox potentials can be very different for each one-electron

transfer step and change with protein environment, substrate-, product- or inhibitor binding.

The different oxidation states of flavins can be distinguished by their spectral properties. The

yellow colour common to all flavins in their oxidised form results from the lowest transition

of the isoalloxazinc chromophorc centered around 450 nm. The neutral "blue" flavo¬

semiquinone radical has a characteristic long wavelength absorbancc at 580-620 nm, whereas

the anionic "red" semiquinone radical absorbes strongly around 380 nm with an additional

sharper peak at 400 nm. The two-elcctron-reduced or fully reduced form is colourless. The

absorption spectrum of a flavin species in a given protein strongly depends on the protein

environment (Ghisla and Edmondson, 2000). Those properties allow flavoproteins to be

studied by UV-visiblc and circular dichroism (CD) spectroscopy. Flavosemiquinone radicals

can be detected and quantified by electron paramagnetic resonance (EPR) spectroscopy.
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flavoquinone

flavosemiquinone

anionic

flavohydroquinone

6.5

Figure 3: Redox transitions and protonation states of flavins

Only the isoalloxazine ring of the flavin cofactor is shown. R is a D-ribityl in riboflavin, a

phosphorylated D-ribityl in FMN and phosphorylated D-ribityl linked to an AMP moiety via

a pyrophosphate linkage in FAD. Fully oxidised flavins (flavoquinones) can be reduced to the

two-clcctron-rcduced state (flavohydroquinone) directly by hydride (II") transfer, or via two

one-electron transfer steps involving formation of a onc-clcctron-reduced intermediate

(flavosemiquinone). The protonaled, neutral flavosemiquinone is also termed "blue" and the

deprotonated, anionic flavosemiquinone termed "red" due to their spectroscopic properties.

Another feature of flavins is their ability to fluoresce. The fluorescence maxima for free FAD

and FMN are at 525 nm, but the quantum yield is considerably greater for FMN (0.270) than

for FAD (0.032) (llarvcy, 1980) due to quenching from the adenine ring in FAD. For

flavoproteins, the emission maxima and quantum yield arc dependent on the nature of the

flavin-binding site.
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1.5 Iron-sulphur proteins

Iron-sulphur (Fe- S) clusters are found almost ubiquitously distributed among living beings

and may have been some of the earliest cofactors in enzyme catalysis reflecting naturally

occurring chemical transformations in the prebiotic world (Cody et al, 2000; Dörr ei al,

2003; Wächtershäuser, 1992).

Fc-S clusters are not only important components of electron transfer chains, e.g. in respiration

and photosynthesis, they also are responsible for substrate binding and catalysis or fulfil

regulatory and sensing functions (Bcincrt, 2000; Kiley and Beinert, 2003; Sticht and Rösch,

1998).

The structurally defined metal centres of Fe-S clusters consist of either a mononuclear site, a

single iron ion coordinated in pseudotetrahedral geometry by four thiolate groups (cysteines),

a binuclear cluster (2Fc-2S) with two bridging sulphide ions, also termed acid-labile sulphur,

ligated by four cysteine ligands, a 3Fe-4S core, requiring three cysteine ligands, or a 4Fe 4S

core, ligated by four cysteines (Figure 4). Other ligands than cysteine like histidinc (Rieske

protein), serine or aspartate are also found.

Rubredoxin
[3Fe^4S]

[2Fe-2S] Ferredoxin

\

[4Fe-4S]

[2Fe-2S] Rieske >
~

%|C^f" X
(,ys— x

Cyt> x><

Cys

Cys

Figure 4: Structure of the most common Fe-S clusters

Iron atoms are coloured in grey, sulphur in yellow and nitrogen in blue.
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The type of Fc-S cluster present in a protein can be predicted by sequence homology as

characteristic binding motifs for different cluster types exist. Biosynthesis of Fc-S clusters in

vivo is catalysed by a complex machinery (Frazzon and Dean, 2003). Physical and chemical

properties of Fe-S clusters depend strongly on their protein environment. Electrostatic

interactions were shown to confer stability to ferredoxins of acidophilic thermophiles

(Wittung-Stafshcdc et al, 2000). Bulky and hydrophobic ligands protect Fc-S clusters from

destruction by oxidation (Beinert, 2000; Singh et al, 2001). Among Fc-S proteins reduction

potentials range from over 1-400 mV for 4Fe-4S clusters in HiPIP (high potential iron

proteins) to below -600 mV for 4Fe^lS clusters in low potential 8Fe-8S ferredoxins

(Capozzi <?/«/., 1998).

1.5.1 Spectroscopic analysis of iron-sulphur centres

Due to the properties of the transition metal iron, iron-sulphur proteins display several

features that can be monitored by various spectroscopic techniques. Those methods covering

many energy regions together provide complementary insight into the active site of iron-

sulphur proteins. Some methods like electron paramagnetic resonance (EPR) spectroscopy

can also be applied to follow redox states of Fe-S centres during reduction or oxidation

processes.

The UV-visiblc spectra of iron-sulphur proteins display rather broad bands not suitable for

structural information, e.g. information on the cluster type. Circular dichroism (CD) spectra

often show higher intensity than UV-visible spectra, as they rely not only on electric

transition moments that are observed in the visible spectrum of metalloproteins but also on

magnetic dipolc transition moments. Therefore they deliver more information including on

the ligands of the Fe-S cluster. CD spectroscopy measures the difference in the extinction

between left and right circular polarised light by which the sample is irradiated. CD

spectroscopy performed in the presence of a longitudinal magnetic field, applied parallel or

antiparallcl to the direction of propagation of the light beam on the sample, is known as

magnetic circular dichroism (MCD) spectroscopy. The wavelength range from 200 to up to

5000 nm is larger than for absorption spectroscopy and includes metal bands below protein

absorption in UV (200-300 nm) and in near-infrared (1400-3000 nm). The MCD intensity of

paramagnetic chromophores is inversely dependent on temperature and directly dependent on

the magnetic field. MCD provides a link between parameters identified by other magnetic
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spectroscopies, such as EPR and Mössbauer, or determined by magnetic susceptibility. MCD

magnetization properties have provided an additional useful method of characterising the spin

and zero-field parameters of electronic ground states.

EPR spectroscopy is used for the analysis of compounds containing unpaired electrons such

as free radicals, e.g. flavo - and ubiscmiquinonc radicals, and paramagnetic mctalloprotcins.

The compound is placed in a magnetic field and exposed to microwave radiation. The

magnetic field strength at which the electrons are in resonance with the monochromatic

microwave radiation is determined. The resonance condition is given by:

hv=gejUeB (Hq3)

with h ~ Planck constant, v- frequence; B - magnetic field; ge= g-valuc of the electron; jUe~

Bohr magneton.

If all g-values of a paramagnetic compound are different, the spectrum is termed rhombic, as

in plant-type 2Fe-ferredoxins (Figure 5, second spectrum from top), if all arc equal, it is

called isotropic as is characteristic of organic radicals like flavo- and ubiscmiquinones, and if

two out of three are identical, it is referred to as axial, as found for vertebrate

2Fe-fcrrcdoxins. Note that these terms do not reflect the symmetry for the paramagnetic site

for most of the metalloproteins.

2Fe 2S cluster and 4Fe^lS cluster can be distinguished by EPR due to their different spin

relaxation rates. S = 1/2 [4Fe-4S]1+ clusters relax rapidly and are detectable at temperatures

below 20 K, while S -- 1/2 [2Fc-2S]lf clusters generally exhibit EPR signals that are

observable without significant broadening at temperatures above 40 K.

Mössbauer spectroscopy as applied to iron proteins involves the resonant absorption of

14.4 kcV y-rays by i7Fe nuclei. Co' serves as y-source which is moved with a known

velocity relative to the sample. This so-called Doppler effect is used to adjust the frequency

of y-radiation to the nuclear energy levels in the sample. The changes of 57Fc3/2 to 57Fcl/2 of

the y-source and their difference to the 57Fel/2 to 57Fe3/2 transition within the sample are

measured. The shape of the transmission spectrum results from a second interaction between

the nuclear spin in the ground state Fe 1/2 and the excited state Fc3/2, i.e. a spherically

symmetric nuclear charge distribution in 57Fcl/2 and a polar concentrated charge in " Fe3/2

(electric quadrupole moment). Both Magnetic Mössbauer and EPR exhibit hyperfine

couplings of the unpaired electrons to the nuclear spins on the metal and the ligand (the latter

called supcrhypcrfine coupling). Therefore the results can be correlated.
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Mössbauer spectroscopy in combination with chemical analysis and EPR spectroscopy is a

powerful tool to determine the number of irons per cluster, the number of clusters per

molecule and the oxidation states of each cluster (Huynh and Kent, 1984).
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Figure 5: Comparison of EPR properties of different types of iron-sulphur centres

The redox state, in which the Fe-S clusters have a half-integer spin, thus are detectable by
EPR, is depicted on the left. The spectra of different cluster types differ in shape and

g-values. IliPIP = high potential iron-sulphur protein; according to (Cammack et al, 1985)



20 Introduction

1.6 Aim of this work

The goal of the work presented in this thesis was to elucidate the first steps of the electron

transfer pathway in the Na'-NQR from V. cholerae. To understand the electron transfer

mechanism of Na'-NQR it is of the utmost importance to study the properties of the redox

cofactors. This work focuses on the membrane-anchored NqrF subunit. As NqrF harbours

binding motifs for NAD(P)H, a flavin and an Fe-S cluster, it is likely to function as the

electron input module of the complex, catalysing the initial NADH oxidation.

An expression system for NqrF and its flavin and Fc-S cofactor carrying sub-domains was to

be established, and functional sub-domains were to be purified and characterised by

biochemical and spectroscopic methods. The redox properties of the cofactors were to be

examined using UV-visible and EPR spectroscopy. The kinetics of NqrF and its flavin

domain were expected to provide information on the initial NADH oxidation of Na'-NQR.

Structural information on the Fc-S cluster was to be obtained from a detailed spectroscopic

analysis by CD, MCD, EPR and Mössbauer spectroscopy. Work on crystallizing the

sub-domains and NqrF for later X-ray analysis was to be commenced.



Introduction 21

1.7 References

Bandeiras, T.M., Salgueiro, CA., Huber, H., Gomes, CM., and Teixeira, M. (2003) The respiratory

chain of the thermophilic archaeon Sulfolobus metallicus: studies on the type-II NADH

dehydrogenase. Biochim. Biophys .Acta 1557: 13-19.

Barquera, B., Hellwig, P., Zhou, W., Morgan, J.E., Hase, C.C., Gosink, K.K., Nilges, M., Bruesehoff,

P.J., Roth, A., Lancaster, C.R., and Gcnnis, R.B. (2002a) Purification and characterization of the

recombinant Na -translocating NADH:quinonc oxidoreductase from Vibrio cholerae.

Biochemistry 41: 3781-3789.

Barquera, B., Zhou, W., Morgan, J.E., and Gennis, R.B. (2002b) Riboflavin is a component of the

Na'-pumping NADII-quinone oxidoreductase from Vibrio cholerae. Prot: Natl. Acad. Sei.

U.S.A. 99: 10322-10324.

Baumann, P., Furniss, A.L., and Lee, John V. (1984) Genus 1. Vibrio Pacini 1854, 411AL in Section V:

Facultatively anaerobic Gram-negative rods. In Bergey's Manual of Systematic Bacteriology.

Vol. 1. Krieg, N.R. (ed). Baltimore: Williams and Wilkins, pp. 516-538.

Beincrt, H. (2000) A tribute to sulfur. Eur. J. Biochem. 267: 5657-5664.

Bertsova, Y.V., and Bogachcv, A.V. (2004) The origin of the sodium-dependent NADH oxidation by

the respiratory chain of Klebsiella pneumoniae. FEBS Lett. 563: 207-212.

Bogachev, A.V., Bertsova, Y.V., Barquera, B., and Verkhovsky, M.I. (2001) Sodium-dependent steps

in the redox reactions of the Na'-motive NADILquinone oxidoreductase from Vibrio harveyi.

Biochemistry 40: 7318-7323.

Butterton, J.R., Beattie, D.T., Gardel, C.L., Carroll, P.A., Hyman, T., Killeen, K.P., Mekalanos, J.J.,

and Calderwood, S.B. (1995) Heterologous antigen expression in Vibrio cholerae vector strains.

Infect. Immun. 63: 2689-2696.

Caldeira, J., Palma, P.N., Regalia, M., Lampreia, J., Calvete, J., Schafer, W., Legall, J., Moura, I., and

Moura, J.J. (1994) Primary sequence, oxidation-reduction potentials and tertiary-structure

prediction of Desuifovihrio desulfuricans ATCC 27774 flavodoxin. Eur. ./. Biochem. 220: 987-

995.

Cammack, R., Patil, D.S., and Fernandez, V.M. (1985) Electron-spin-rcsonance/electron-

paramagnetic-resonance spectroscopy of iron-sulphur enzymes. Biochem. Soc. Trans. 13: 572-

578.

Capozzi, F., Ciurli, S., and Luchinat, C (1998) Coordination sphere versus protein environment as

determinants of electronic and functional properties of iron-sulfur proteins. Struct. Bonding 90:

127-160.

Carroll, J., Shannon, R.J., Feamley, I.M., Walker, J.E., and Hirst, J. (2002) Definition of the nuclear

encoded protein composition of bovine heart mitochondrial complex I. Identification of two new

subunits../ Biol. Chem. 277: 50311-50317.



22 Introduction

Cody, G.D., Boctor, N.Z., Filley, T.R., Ilazen, R.M., Scott, J.H., Sharma, A., and Yoder, H.S., Jr.

(2000) Primordial carbonylated iron-sulfur compounds and the synthesis of pyruvate. Science

289:1337-1340.

Colwell, R.R. (2000) Viable but nonculturable bacteria: a survival strategy. J. Infect. Chemother. 6:

121-125.

Connell, T.D., Metzger, D.J., Lynch, J., and Folster, J.P. (1998) Endochitinase is transported to the

extracellular milieu by the ep.v-encoded general secretory pathway of Vibrio cholerae. J.

Bacterial. 180: 5591-5600.

Dimroth, P. (1986) Preparation, characterization and reconstitution of oxaloacetate decarboxylase

horn Klebsiella aerogenes, a sodium pump. Meth. Enzymol. 125: 530-540.

Dimroth, P. (1997) Primary sodium ion translocating enzymes. Biochim. Biophys. Acta 1318: 11-51.

Dörr, M., Käßbohrer, J„ Grunert, R., Kreisel, G., Brand, W.A., Werner, R.A., Geilmann, H., Apfel, C,

Robl, C, and Weigand, W. (2003) A Possible Prebiotic Formation of Ammonia from Dinitrogen

on Iron Sulfide Surfaces. Angew. Chem. Int. Ed. 42: 1540-1543.

Draper, R.D., and Ingraham, L.L. (1968) A Potentiometrie study of the flavin semiquinonc

equilibrium. Arch. Biochem. Biophys. 125: 802-888.

Dupuis, A., Chevallet, M., Darrouzet, H., Duborjal, H., Lunardi, J., and Issartcl, J.P. (1998) The

complex I from Rhodobacter capsulatus. Biochim. Biophys. Acta 1364: 147-165.

Edmondson, D.E., and Newton-Vinson, P. (2001) The covalent FAD of monoamine oxidase:

structural and functional role and mechanism of the flavinylation reaction. Antioxid. Redox.

Signal. 3: 789-806.

Fraaije, M.W., and Mattevi, A. (2000) Flavoenzymes: diverse catalysts with recurrent features. Trends

Biochem. Sei. 25: 126 132.

Frazzon, J., and Dean, D.R. (2003) Formation of iron-sulfur clusters in bacteria: an emerging field in

bioinorganic chemistry. Curr. Opin. Chem. Biol. 7: 166-173.

Friedrich, T. (1998) The NADILubiquinone oxidoreductase (complex 1) from Escherichia coli.

Biochim. Biophys. Acta 1364: 134-146.

Gardel, C.L., and Mekalanos, J.J. (1996) Alterations in Vibrio cholerae Motility Phenotypcs Correlate

with Changes in Virulence Factor Expression. Infect. Immun. 64: 2246-2255.

Gemperli, A.C., Dimroth, P., and Steuber, J. (2002) The respiratory complex 1 (NDH I) from

Klebsiella pneumoniae, a sodium pump. J. Biol. Chem. Ill; 33811-33817.

Gemperli, A.C., Dimroth, P., and Steuber, J. (2003) Sodium ion cycling mediates energy coupling

between complex I and ATP synthase. Proc. Natl. Acad. Sei. U.S.A. 100: 839-844.

Gennis, R.B. (1989) Molecular structure and function. In Biomembranes. Gennis, R.B. (ed). New

York: Springer, pp. 265.

Ghisla, S., and Massey, V. (1986) New flavins for old: artificial flavins as active site probes of

flavoproteins. Biochem. J. 239: 1-12.



Introduction 23

Ghisla, S., and Edmondson, D. (2000) Flavin coenzymes. In Nature Encyclopedia of Life Sciences.

Atkin, D. (ed.): Nature Publishing Group.

Gomes, CM., Bandeiras, T.M., and Teixeira, M. (2001) A new type-II NADH dehydrogenase from

the archaeon Acidianus ambivalent, characterization and in vitro reconstitution of the

respiratory chain. J. Bioenerg. Biomcmbr. 33: 1-8.

Gottschalk, G., and Thauer, R.K. (2001) The Na'-translocating methyltransferase complex from

methanogenic archaea. Biochim. Biophys. Acta 1505: 28-36.

llarvcy, R.A. (1980) Flavin 1, N(6)-ethenoadenine dinucleotidc. MethodsEnzymol. 66: 290-294.

I läse, C.C., and Mekalanos, J.J. (1999) Effects of changes in membrane sodium flux on virulence gene

expression in Vibrio cholerae. Proe. Natl. Acad. Sei. U.S.A. 96: 3183-3187.

Hase, C.C., and Barquera, B. (2001) Role of sodium bioenergetics in Vibrio cholerae. Biochim.

Biophys. Acta 1505: 169-178.

Ilayashi, M., Nakayama, Y., and Unemoto, T. (1996) Existence of Na'-translocating NADU- quinone

reductase m Haemophilus influenzae. FEBS Lett. 381: 174-176.

Hayashi, M., Nakayama, Y., Yasui, M., Maeda, M., Furuishi, K., and Unemoto, T. (2001) FMN is

covalently attached to a threonine residue in the NqrB and NqrC subunits of Na+-translocating

NADH-quinone reductase from Vibrio alginolyticus. FEBS Lett. 488: 5-8.

Hayashi, M., Shibata, N., Nakayama, Y., Yoshikawa, K., and Unemoto, T. (2002) Korormicin

insensitivity in Vibrio alginolyticus is correlated with a single point mutation of Gly-140 in the

NqrB subunit of the Na"-lranslocaling NADH-quinone reductase. Arch. Biochem. Biophys. 401:

173-177.

Heidelberg, J.F., Eisen, J.A., Nelson, W.C., Clayton, R.A., Gwinn, M.L., Dodson, R.J., Haft, D.H.,

Hickey, EX., Peterson, J.D., Umayam, L., Gill, S.R., Nelson, K.E., Read, T.D., Tettelin, H.,

Richardson, D., Ermolaeva, M.D., Vamathevan, J., Bass, S., Qin, H., Dragoi, L, Sellers, P.,

McDonald, L., Utterback, T., Fleishmann, R.D., Nierman, W.C., and White, O. (2000) DNA

sequence of both chromosomes of the cholera pathogen Vibrio cholerae. Nature 406: 477^83.

Herz, K., Vimont, S., Padan, E., and Berche, P. (2003) Roles of NhaA, NhaB, and NhaD Na'/lf

antiporters in survival of Vibrio cholerae in a saline environment. J. Bacferiol. 185: 1236-1244.

Hicks, D.B., and Krulwich, T.A. (1995) The respiratory chain of alkaliphilic bacteria. Biochim.

Biophys. Acta 1229: 303-314.

Hirst, J. (2003) The dichotomy of complex I: a sodium ion pump or a proton pump. Proc. Natl. Acad.

Sei. U.S.A. 100: 773-775.

Huda, M.N., Morita, Y., Kuroda, T., Mizushima, T., and Tsuchiya, T. (2001) Na'-driven multidrug

efflux pump VcmA from Vibrio cholerae non-Ol, a non-halophilic bacterium. FEMS

Microbiol. Lett. 203: 235-239.

Hurley, J.K., Morales, R., Martinez-Julvez, M., Brodie, T.B., Medina, M., Gomez-Moreno, C, and

Tollin, G. (2002) Structure-function relationships in Anabaena ferrcdoxin/ferredoxin:NADPT



24 Introduction

reductase electron transfer: insights from site-directed mutagenesis, transient absorption

spectroscopy and X-ray crystallography. Biochim. Biophys. Acta 1554: 5-21.

Huynh, B.H., and Kent, T.A. (1984) Mössbauer studies of iron proteins. Adv. Inorg. Biochem. 6: 163-

223.

Kato, S., and Yumoto, I. (2000) Detection of the Na'-translocating NADH-quinone reductase in

marine bacteria using a PCR technique. Can. J. Microbiol. 46: 325-332.

Kerscher, S.J. (2000) Diversity and origin of alternative NADHubiquinone oxidoreductases. Biochim.

Biophs. Acta 1459: 274-283.

Kiley, P.J., and Beinert, H. (2003) The role of Fe-S proteins in sensing and regulation in bacteria.

Curr. Opin. Microbiol. 6: 181-185.

Kojima, S., Yamamoto, K., Kawagishi, I., and Homma, M. (1999) The polar flagellar motor of Vibrio

cholerae is driven by a Na" motive force../. Bacteriol. 181: 1927-1930.

Krebs, W., Steuber, J., Gemperli, A.C., and Dimroth, P. (1999) Na+ translocation by the

NADH:ubiquinone oxidoreductase (complex I) from Klebsiella pneumoniae. Mol. Microbiol.

33: 590-598.

Krukonis, E.S.. and JDiRita, V.J. (2003) From motility to virulence: Sensing and responding to

environmental signals in Vibrio cholerae. Curr. Opin. Microbiol. 6: 186-190.

Krulwich, TA., Cheng, J„ and Guffanti, A.A. (1994) The role of monovalent cation/proton antiporters

in Na1-resistance and pH homeostasis in Bacillus: an alkaliphile versus a ncutralophile../. Exp.

Biol. 196:457-^70.

Krulwich, T.A., Ito, M., Gilmour, R., Sturr, M.G., Guffanti, A.A., and Hicks, D.B. (1996) Energetic

problems of extremely alkaliphilic aerobes. Biochim. Biophys. Acta MIS; 21-26.

Krulwich, T.A., Ito, M., and Guffanti, A.A. (2001) The Na+-dependence of alkaliphily in Bacillus.

Biochim. Biophys. Acta 1505: 158-168.

Laubinger, W., and Dimroth, P. (1987) Characterization of the Na1-stimulated ATPase of

Propionigenium modestum as an enzyme of the F]F0 type. Eur. J. Biochem. 168: 475-80.

Lebens, M., Lundquist, P., Soderiund, L., Todorovic, M., and Carlin, N.I. (2002) The nptA gene of

Vibrio cholerae encodes a functional sodium-dependent phosphate cotransporter homologous to

the type II cotransporters of eukaryotes../. Bacteriol. 184: 4466^1474.

Lowe, HJ., and Clark, W.M. (1956) Studies on oxidation-reduction. XXIV. Oxidation-reduction

potentials of flavin adenine dinucleotide../. Biol. Chem. 221: 9X3-992.

Marcus, H., Ketley, J.M., Kaper, J.B., and Holmes, R.K. (1990) Effects of DNase production, plasmid

size, and restriction barriers on transformation of Vibrio cholerae by electroporation and

osmotic shock. FEMS Microbiol. Lett. 56: 149-154.

Massey, V. (2000) The chemical and biological versatility of riboflavin, Biochem. Soc. Trans. 28:

283-296.



Introduction 25

Mekalanos, J.J. (1985) Choiera toxin: genetic analysis, regulation, and role in pathogenesis. Curr. Top.

Microbiol. Immunol. 118: 97-118.

Mekalanos, J.J., Swart/,, D.J. and Pearson, G.D.N. (1983) Cholera toxin genes: nucleotide sequence,

deletion analysis and vaccine development. Nature 306: 551-557.

Murata, T., Kawano, M., Igarashi, K., Yamato, I., and Kakinuma, Y. (2001) Catalytic properties of

Na'-translocating V-ATPase in Enteroeoccus hirae. Biochim. Biophys. Acta 1505: 75-81.

Nakashima, Y., Shinzawa-ltoh, K., Watanabe, K., Naoki, K., Hano, N., and Yoshikawa, S. (2002)

Steady-state kinetics of NADH:coenzyme Q oxidoreductase isolated from bovine heart

mitochondria. J. Bioenerg. Biomembr. 34: 11-19.

Nakayama, Y„ Yasui, M., Sugahara, K., Hayashi, M., and Unemoto, T. (2000) Covalently bound

flavin in the NqrB and NqrC subunits of Na-translocating NADH-quinone reductase from

Vibrio alginolyticus. FEBS Lett. 474: 165-168.

Nakayama, Y., Hayashi, M., Yoshikawa, K., Mochida, K., and Unemoto, T. (1999) Inhibitor studies of

a new antibiotic, korormicin, 2—«—heptyl—4—hydroxyquinoline N—oxida and Ag toward the

Na'-translocating NADH-quinone reductase from the marine Vibrio alginolyticus. Biol. Pharm.

Bull. 22: 1064-1067.

Nakayama, Y., Ilayashi, M., and Unemoto, T. (1998) Identification of six subunits constituting

Na+-translocating NADH-quinone reductase from the marine Vibrio alginolyticus. FEBS Lett.

422:240-242.

Neumann, S., Matlhcy, U., Kaim, G., and Dimroth, P.J. (1998) Purification and properties of the F|F0

ATPase of Jlyobacter tartarieus, a sodium ion pump. J. Bacteriol. 180:3312-3316.

Ogg, J.E., Timme, T.L., and Alemohammad, M.M. (1981) General Transduction in Vibrio cholerae.

Infect. Immun. 31: 737-741.

Padan, E., Venturi, M., Gerchman, Y., and Dover, N. (2001) Na'/H1 antiporters. Biochim. Biophys.

Acta 1505: 144-157.

Peterson, K.M. (2002) Expression of Vibrio cholerae virulence genes in response to environmental

signals. Curr. Issues lntest. Microbiol. 3: 29-38.

Pfenninger-Li, X.D., Albracht, S.P.J., van Beizen, R., and Dimroth, P. (1996) The NADILubiquinone

oxidoreductase of Vibrio alginolyticus: purification, properties and reconstitution of the

Na' pump. Biochemistry 35: 6233-6242.

Rasmusson, A.G., Heiser, V.V., Zabaleta, E., Brennicke, A., and Grohmann, L. (1998) Physiological,

biochemical and molecular aspects of mitochondrial complex I in plants. Biochim. Biophys. Acta

1364:101-111.

Reidl, J., and Klose, K.E. (2002) Vibrio cholerae and cholera: out of the water and into the host.

FEMS Microbiol. Rev. 26: 125-139.



26 Introduction

Rich, P.R., Meunier, B., and Ward, F.B. (1995) Predicted structure and possible ionmotive mechanism

of the sodium-linked NADH-ubiquinone oxidoreductase of Vibrio alginolyticus. FEBS Lett.

375:5-10.

Schmehl, M., Jahn, A., zu Vilsendorf, A.M., Hennecke, S., Mascpohl, B„ Schuppler, M., Marxer, M.,

Oelze, J., and Klipp, W. (1993) Identification of a new class of nitrogen fixation genes in

Rhodobacter capsulatus: a putative membrane complex involved in electron transport to

nitrogenase. Mol. Gen. Genet. 241: 602-615.

Singh, B.B., Curdt, L, Shomburg, D., Bisen, P.S., and Böhme, H. (2001) Valine 77 of heterocystous

feiredoxin FdxH2 in Anabanea variabilis strain ATCC 29413 is critical for its oxygen

sensitivity. Mol. Cell. Biochem. 217: 137-142.

Skulachev, V.P. (1994) Chemiosmotic concept of the membrane bioenergetics: what is already clear

and what is still waiting for elucidation?/ Bioenerg. Biomembr. 26: 589-598.

Skulachev, V.P. (1996) Role of uncoupled and non-coupled oxidations in maintenance of safely low

levels of oxygen and its one-electron rcductants. Q. Rev. Biophys. 29: 169-202.

Stankovich, M.T. (1991) Redox properties of flavins and flavoproteins. In Chemistry and

Biochemistry of Flavocnzymes. Vol. I. Müller, F. (ed). Boca Raton, FL: CRC Press, pp. 401-

425.

Steuber, J., Krebs, W., and Dimroth, P. (1997) The Na+-translocating NADHubiquinonc

oxidoreductase from Vibrio alginolyticus: redox states of the FAD prosthetic group and

mechanism of Ag^ inhibition. Eur. J. Biochem. 249: 770-776.

Steuber, J. (2001) Na' translocation by bacterial NADlLquinone oxidoreductases: an extension to the

complex I-family of primary redox pumps. Biochim. Biophys. Acta 1505: 45-56.

Steuber, J., Rufibach, M., Fritz, G., Neese, F., and Dimroth, P. (2002) Inactivation of the

Na-translocating NADH:ubiquinonc oxidoreductase from Vibrio alginolyticus by reactive

oxygen species. Eur. J. Biochem. 269: 1287-1292.

Sticht, H., and Rösch, P. (1998) The structure of iron-sulfur proteins. Prog. Biophys. Mol. Biol. 70:

95-136.

Tokuda, H., and Unemoto, T. (1982) Characterization of the respiration-dependent NaT pump in the

marine bacterium Vibrio alginolyticus. .1. Biol. Chem. 257: 10007-10014.

Tokuda, II., and Unemoto, T. (1984) Na1 is translocated at NADH:quinone oxidoreductase segment in

the respiratory chain of Vibrio alginolyticus. J. Biol. Chem. 259: 7785-7790.

Tolner, B., Poolman, B., and Konings, W.N. (1997) Adaptation of microorganisms and their transport

systems to high temperatures. Comp. Biochem. Physiol. A. Physiol. 118: 423^428.

Unemoto, T., and Hayashi, M. (1979) NADH:quinone oxidoreductase as a site of Na'-dependent

activation in the respiratory chain of marine Vibrio alginolyticus. J. Biochem. 85: 1461-1467.

Wächtershäuser, G. (1992) Groundworks for an evolutionary biochemistry: the iron-sulphur world.

Prog. Biophys. Mol. Biol. 58: 85-201.



Introduction 27

Watnick, P.I., and Kolter, R. (1999) Steps in the development of a Vibrio cholerae El Tor biofilm.

Mol. Microbiol. 34: 586-595.

Wei, Y., Guffanti, A.A., Ito, M., and Krulwich, TA. (2000) Bacillus subtilis Yqkl is a novel

malic/Naf-laclate antiporter that enhances growth on malate at low protonmotive force. J. Biol.

Chem. 275: 30287-30292.

Wilson, T.H., and Ding, P.Z. (2001) Sodium-substrate cotransport in bacteria. Biochim. Biophys. Acta

1505:121-130.

Wiltung-Stafshede, P., Gomes, CM., and Teixeira, M. (2000) Stability and folding of the ferredoxin

from the hyperthermophilic archaeon Acidianus ambivalens. J. Inorg. Biochem. 78: 35^11.

Yagi, T., Yano, T., Bernardo, S.D., and Matsuno-Yagi, A. (1998) Procaryotic complex I (NDII-I), an

overview. Biochim. Biophys. Acta 1364: 125-133.

Yagi, T., Di Bernardo, S., Nakamaru-Ogiso, E., Kao, M.-C, Seo, B.B., and Matsuno-Yagi, A. (2003)

NADH Dehydrogenase (NADH-Quinone Oxidoreductase). In Respiration in Archaea and

Bacteria. Zannoni, D. (ed). Dordrecht: Kluwer Publishings, pp. 15^10.

Yokota, T., Kasuga, T., Kaneko, M., and Kuwahara, S. (1972) Genetic behavior of R factors in Vibrio

cholerae. J. Bacteriol. 109: 440-442.

Yoshikawa, K., Nakayama, Y., Hayashi, M., Unemoto, T., and Mochida, K. (1999) Korormicin, an

antibiotic specific for Gram-negative marine bacteria, strongly inhibits the respiratory chain-

linked Na+-translocating NADH:quinone reductase from the marine Vibrio alginolyticus. J.

Antibiot. 52: 182-185.

Zhou, W., Bertsova, Y.V., Feng, B., Tsatsos, P., Verkhovskaya, M.L., Gennis, R.B., Bogachev, A.V.,

and Barquera B. (1999) Sequencing and preliminary characterization of the Na+-translocating

NADILubiquinone oxidoreductase from Vibrio harveyi. Biochemistry 38: 16246-16252.



28 NqrF subunit of the sodium pump from Vibrio cholerae

Chapter 2

NADH oxidation by the Na+-translocating NADH:quinonc

oxidoreductase from Vibrio cholerae:

functional role of the NqrF subunit

Karin TürkJ, Andrea PuharJ#, Frank Neese§, Eckhard Bill§, Günter Fritz0 and Julia

Steuber^

JMikrobiologisehcs Institut der Eidgenössischen Technischen Hochschule, ETII-Zentrum,

C1Ï-8092 Zürich, Switzerland

§Max-Planck-lnstitut für Bioanorganischc Chemie, D^15470 Mülheim an der Ruhr,

Germany

°Fachbcrcich Biologie, Universität Konstanz, D-78457 Konstanz, Germany

#prcscnt address: Istituto di Scienze Biomedichc Spcrimentali, Università di Padova,

1-35121 Padova, Italy

^present address: Biochemisches Institut, Universität Zürich, CH-8057 Zürich, Switzerland

*Dedicated to Peter M. II. Kroneck on the occasion of his 60 birthday.

J. Biol. Chem., 279: 21349-21355 (2004)



NqrF subunit of the sodium pump from Vibrio cholerae 29

2.1 Abstract

The Na+~translocating NADH:quinone oxidoreductase from Vibrio cholerae is a six subunit

enzyme containing four flavins and a single motif for the binding of an Fe-S cluster on its

NqrF subunit. This study reports the production of a soluble variant of NqrF (NqrF1) and its

individual flavin and Fe-S carrying domains using V. cholerae or Escherichia coli as

expression hosts. NqrF' and the flavin domain each contain 1 mol of FAD/mol of enzyme and

exhibit high NADH oxidation activity (20000 pimol min"1 mg"1). EPR, visible absorption and

circular dichroism spectroscopy indicate that the Fe-S cluster in NqrF' and its

Fe-S domain is related to 2Fe ferredoxins of the vcrtcbratc-typc. Addition of NADH to

NqrF' results in the formation of a neutral flavosemiquinone and partial reduction of the

Fc-S cluster. The NqrF subunit harbours the active site of NADH oxidation and acts as a

converter between the hydride donor NADH and subsequent one-electron reaction steps in

the Na+-NQR complex. The observed electron transfer NADH -+ FAD -> [2Fe-2S] in NqrF

requires positioning of the FAD and the Fe-S cluster in close proximity in accordance with a

structural model of the subunit.

2.2 Introduction

The ability to diminish the intracellular Na+ concentration by specific transporters is common

to many organisms. Uphill transport of Na4 against an electrochemical potential catalysed by

Na'/H' antiporters is driven by the proton motive force (Padan et al, 2001). In addition, some

bacteria and archaea possess Na+ pumps that directly couple an excrgonic reaction to the

endcrgonic transport of Na4 across the membrane (Dimroth, 1997). For example, the

oxidation of NADH with quinone catalysed by membrane-bound NADH dehydrogenases

generates an electrochemical Na+ gradient that can be used to drive the uptake of nutrients.

Two distinct classes of bacterial Naf-translocating NADH dehydrogenases are known.

Enterobacteria like Escherichia coli possess a Na'-dependent NADH dehydrogenase that is

homologous to complex I of the mitochondrial respiratory chain (Gemperli et al, 2003;

Steuber et al, 2000; Steuber, 2003). Another type of NADH-drivcn redox pump (called

Na+-NQR) is found in marine bacteria like Vibrio alginolyticus or the human pathogen

V. cholerae (Barquera et al, 2002a; Bogachcv et al, 2002; Hase and Mekalanos, 1999;



30 NqrF subunit of the sodium pump from Vibrio cholerae

Nakayama et al, 1998; Steuber et al, 2002; Tokuda and Unemoto, 1982). The Na+-NQR is

encoded by the nqr Operon that comprises the structural genes nqrA-nqrF (Bcattic et al,

1994; Ilayashi et al, 1995) encoding for six different subunits present in the complex

(Nakayama et al, 1998). NqrF is the only subunit that contains four closely spaced cysteine

residues Cys-Xaa5-Cys-Xaa2-Cys-Xaa3i-Cys (V. cholerae numbering) required for the

ligation of an Fe-S cluster. In addition, motifs for the binding of flavin and NADH were

identified on NqrF (Rich et al, 1995). Subunits NqrB and NqrC each contain one FMN which

is covalently linked to a threonine residue (Barquera et al, 2001; Ilayashi et al, 2001; Zhou

et al, 1999). Recently, riboflavin was identified as a component of the Na -NQR complex

from V. cholerae (Barquera et al, 2002b). In summary, the known prosthetic groups of the

Na+-NQR arc one non-covalently bound FAD, two covalently bound FMNs (on NqrB and

NqrC, respectively), one riboflavin, one Fe-S cluster (on NqrF) and ubiquinonc-8 (Barquera

et al, 2002a; Pfenningcr-Li et al, 1996). The central question is how electron transfer from

NADH to the substrate quinone proceeds and how this redox reaction is coupled to the

translocation of Na+ by the Na+-NQR. Here we demonstrate that the NqrF subunit catalyses

the initial electron transfer reactions NADH —> FAD — [2Fc-2S] in the Na+-NQR complex.

2.3 Material and Methods

2.3.1 Construction of expression vectors

V. cholerae 0395 Nl (Mekalanos, 1983) served as a source of genomic DNA for PCR

cloning of nqrF constructs. Cloning was carried out in E. coli DH5oc using standard

techniques (Ausubcl et al, 1995). Gene sequences encoding the shortened NqrF subunit, its

Fe-S domain or flavin domain were amplified from chromosomal DNA by PCR. The forward

primers for amplification of sequences encoding a truncated NqrF subunit or its Fc-S domain

were designed to excise bp 7-75 of nqrF. Hereby, amino acids Thr3-Ala25 including the

predicted single N-tcrminal transmembrane helix (Val8-Ala25) of the NqrF subunit were

removed, and soluble variants of NqrF (NqrF') and its Fe-S domain were produced

(Figure 1). Primer sequences and restriction sites are given in Table 1. The 3'-ends of the

reverse primers for nqrF' and the flavin domain construct were homologous to sequences

downstream of the stop codon of nqrF.
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bp 2446149 2444926

—| nqrF

aa

C70 C111

C76

T3 C79 G129

0 K26 E149 G408

fr NqrF
^ i

I

Fe-S domain

FAD domain

NqrF'

Figure 1 : Design of functional domains from the Fe—S and flavin-carrying NqrF subunit of

the Na"-translocating NADILquinonc oxidoreductase (Na+-NQR)

The NqrF subunit of the Na+-NQR from V. cholerae (accession number AAF95434) is

encoded by the nqrF gene encompassing the region from base pair 2446149 to 2444926 on

chromosome I (Heidelberg et al, 2000). Putative ligands for the Fe-S cluster are the strictly
conserved cysteines C70, C76, C79 and CI 11 in the N-tcrminal region of NqrF. An

additional cysteine (CI35 in NqrF from V. cholerae) that might also act as ligand to the

Fc-S cluster is not conserved in Na+-NQRs from different species. The putative binding sites

for FAD (hatched arrows; R210 - S213 and G243 - Y248) and NADU (solid arrows; G280 -

P287 and Y376 - M383) are also indicated. Vectors pFS224 and pNF3 were designed to

produce the Fe-S domain and a shortened NqrF subunit (NqrF') devoid of the N-tcrminal

amino acid residues T3 to A25. As a consequence, the translated products do not possess the

putative transmembrane helix (V8 - A25) at the N terminus of NqrF. The flavin domain

encompasses amino acids 129 to 408 of the NqrF subunit and is encoded on vector pNF8.
N-tcrminal histidinc residues and linker regions of the translated products which are encoded

by the vectors are not indicated (six N-terminal histidincs in case of NqrF' and the flavin

domain, ten N-tcrminal histidincs in case of the Fe-S domain).

PCR amplification by Pfu polymerase (Stratagene) was carried out as described by the

supplier with an annealing temperature of 56 °C and an amplification time of 2 min 40 s.

PCR products encoding for NqrF' or the flavin domain were digested with Ndel and ücoRT

and ligated into the arabinose-inducible expression vector pEC422 (Schulz et al, 1999),

yielding pNF3 and pFNF8. The PCR fragment encoding the Fe-S domain was digested by

Ndel and Xhol and inserted into pET-16b (Novagene) to give pFS224.
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Table 1 : Cloning of nqrF constructs

The restriction sites for Nde\ and FcoR\ (NqrF', flavin domain) and Ndel and Xhol (Fe-S

domain) arc highlighted by bold letters. Underlined nucleotides are homologous to the

chromosomal sequence. Start codons of nqrF arc shown in italics.

Product PCR primers
(5'-3')

Vector Expression
host

Forward: cgatatacatatctctaaatccaagctagtaccaacagg pNF3

Reverse: cgatagaattccaatttgtaaaaaacaatggc

Forward: gcatatacatatgggcgtgaagaagtgggaatgtac pFNF8

Reverse: gcatagaattcgaacgagccagccatc

Forward: GGAATTCATArgTCTAAATCCAAGCTAGTACCAACAGGTG pFS224

Reverse: catactcgagctctttgatgaaagtggctttg

NqrF'

FAD

domain

Fe-S

domain

V. cholerae

0395 Nl

V. cholerae

0395 Nl

E. coli

BL21(DF,3)

The translation product of pFS224 has a C-terminal extension of 21 amino acids and the stop

codon is conferred by the vector. All three constructs add N-terminal His-tags to the target

proteins consisting of six histidinc residues in case of the NqrF' and its flavin domain and ten

histidinc residues in case of the Fe-S domain. The expression vectors pNF3 or pFNF8 were

transformed into V. cholerae as described in (ïlamashima et al, 1990). E. coli BL21 (DE3)

(Stratagcnc) was transformed with pFS224. The cloned gene fragments were sequenced and

in case of the fragments encoding the NqrF' and the flavin domain found to be identical to the

corresponding genomic sequence of V. cholerae El Tor N16961 (accession number

AAF95434; Heidelberg et al, 2000). The cloned gene fragment encoding the Fe-S domain

contained a silent G --* A mutation at bp 273 (nqrF numbering). The identity of the Fc-S and

the flavin domains with the predicted polypeptides derived from nqrF from V. cholerae El

Tor N16961 was further supported by matrix-assisted laser absorption ionization-mass

spectroscopy. The observed mass was 17895 Da (calculated: 17873 Da) for the Fe-S domain

and 33983 Da for the flavin domain (calculated: 34047 Da). NqrF', the FAD and the

Fe-S domain showed the expected N-tcrminal sequences.

2.3.2 Cultivation of bacteria

All strains were cultivated aerobically in Luria-Bertani (LB) medium (Ausubel et al, 1995).

V. cholerae 0395 NI was cultivated in LB medium supplemented with 10 mM glucose and

50 mM potassium phosphate buffer, pH 7.3, in the presence of 50 u.g ml"1 streptomycin and
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200 ug ml"1 ampicillin. For the production of NqrF' or the flavin domain 10 1 medium were

inoculated with 250 ml V. cholerae 0395 Nl transformed with pNF3 or pFNFS. The cells

were grown in a 12-1 fermenter (Bioengineering AG) at 37 °C to an Af,oonm of 0.8 or 1.0,

respectively. Expression was induced by adding 10 mM L-arabinosc. Four hours after

induction (AWK)nm of approximately 2) the bacteria were harvested by centrifugation. For the

production of the Fe-S domain 150 1 LB medium containing 100 ug ml"1 ampicillin were

inoculated with 4 1 E. coli BL21 (DU3)-pFS224 in a biorcactor (Biocnginccring AG). The

cells were grown at 37 °C to an Aéoonm of 1.1. After addition of 0.5 mM isopropyl thio-ß-D-

galactoside (IPTG), growth was continued at 30 °C overnight. The cells were harvested by

centrifugation (d3A 112M - 4 centrifuge, Loher) and washed with 10 mM Tris/HCl pH 7.4,

0.3 M Nad. Concentrated cell suspensions were frozen in liquid nitrogen and stored at

-80 °C.

2.3.3 Purification of recombinant NqrF' and its flavin and Fe-S domains

Prior to use all solutions were thoroughly degassed and purged with N2 followed by

equilibration in a Coy glove box (95% N2/5% H2) at least overnight (02 < 0.3 uJVl in buffers).

Five g wet weight cells of E. coli BL21 (DE3) or V. cholerae 0395 Nl were resuspended in

25 ml 10 mM Tris/HCl pH 7.4, 0.3 M NaCI, 1.0 mM phenylmcthylsulfonyl fluoride, 1.0 mM

dithiothrcitol, 5 mM MgCl2 and traces of DNasc I (Roche Diagnostics). Tn case of the flavin

domain, 0.1 mM diisopropylfluorophosphate was added instead of phenylmcthylsulfonyl

fluoride. The cell suspension was passed once through a French pressure cell at 83 mPa, and

the eluate was collected under a stream of N2. Unbroken cells and large debris were removed

by centrifugation at 35 000 x g for 20 min. If not indicated otherwise, all subsequent

manipulations were performed in the glove box at room temperature. Soluble proteins were

separated from the membrane fraction by ultracentrifugation (150 000 xg, 1 h, 4 °C). The

soluble fraction from V. cholerae was loaded onto a Ni-NTA superflow column (3 ml bed

volume, 1.4-cm diameter, Qiagen) equilibrated with buffer A (20 mM Tris/HCl, pH 8.0,

0.5 M NaCI). The column was washed with 30 mM imidazole in buffer A, and NqrF' or the

flavin domain was eluted with 400 mM imidazole. NqrF' from the Ni-NTA column was

diluted 10-fold in 50 mM Tris/HCl, pll 7.5 (buffer B), and loaded on a Fractogcl TSK

DBAE-650 column (Merck, 1 ml bed volume, 1.4 cm diameter). Concentrated NqrF' was

obtained by elution with buffer B containing 0.3 M NaCI. A major contaminant identified in

NqrF' and in the flavin domain was the VC2333 gene product, a putative ribosomal protein
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S6 modification protein. This protein was removed by further purification of the flavin

domain in the presence of oxygen using a MonoQ HR5/5 anionic exchange column connected

to an Äkta FPLC station (Amersham Biotech). The flavin domain was diluted 10-fold in

50 mM Hepes/NaOH, pH 7.0, and loaded onto the MonoQ column. A linear gradient of

15 volumes from 0-0.40 M NaCI led to the elution of the flavin domain at 0.32 M NaCI.

The soluble fraction containing the Fe-S domain was loaded onto a Ni-NTA agarose column

(Qiagcn) equilibrated with 10 mM Tris/HCl, pH 7.4, 1 mM phenylmcthylsulfonyl fluoride,

0.5 mM dithiothrcitol, 0.5 M NaCI (buffer C). The column was washed with 80 mM

imidazole in buffer C, and the Fc-S domain was eluted with 400 mM imidazole. Fractions

containing the Fc-S domain were combined (approximately 8 ml) and dialysed against

50 mM Tris/HCl, pH 7.8, 1.0 mM dithiothrcitol, at 4 °C overnight. The purification yields

from 5 g cells (wet weight) were approximately 10, 4 and 5 mg of Fe-S domain, flavin

domain and NqrF', respectively.

2.3.4 In vitro reconstitution of the Fe-S cluster

Insertion of the Fe-S cluster was performed by means of the cysteine desulphurase NilS from

Azotobacter vinelandii (Zheng, 1993) under exclusion of oxygen. NifS (50 U.g/ml) was added

to the Fc-S domain (< 0.5 mM in 50 mM Tris/HCl, pH 7.8, containing 10 mol

(NH4)2Fe(S04)2/mol Fc-S domain and 10 mM dithiothrcitol), and the reaction was started by

the addition of 2 mM cysteine, pH 7.5, acting as sulphide donor. After 45 min, the

reconstituted Fe-S domain was purified from the reaction mixture by affinity chromatography

on the Ni-NTA agarose column.

2.3.5 Reduction and determination of midpoint potential

The reduction of NqrF', the FAD or the Fc-S domain was followed spectrophotomctrically

under exclusion of oxygen in cuvettes scaled with a rubber stopper. NADU or sodium

dithionitc were added in the glove box or with gas-tight syringes. The standard reduction

potential of the FAD of the flavin domain was deteraiined by the xanthine/xanthine oxidase

method (Massey, 1990) in 100 mM Tris/HCl, pH 7.5, using 10-20 uM phenosafranine

(Em ~ -266 mV, pH 7.5, n
-

2) as suitable redox indicator. Benzyl viologen (Em = -359 mV,

pH 7.5, n = 2) and methyl viologen (Em = -440 mV, pH 7.5, n = 2) were used as redox



NqrF subunit of the sodium pump from Vibrio cholerae 35

mediators (Hunt el al, 1993) at final concentrations of 1.8 uM each. The redox state of FAD

or phcnosafranine was monitored at 404 or 518 nm, respectively. The Nernst coefficient was

determined from the slope of the line ln(FAD0X/FADrcd) versus ln(PSox/PSra]). The difference

between the Em of FAD in the flavin domain and the Em of phcnosafranine was calculated

from the vertical intercept of the line.

2.3.6 Analytical methods

Protein was determined by the bicinchoninic acid method using the reagent from Pierce

(Smith et al, 1985) or by the microbiurct method (Goa, 1953) preceded by trichloroacetic

acid precipitation. Bovine serum albumin served as the standard. The concentration of active

NqrF' and the flavin domain was estimated from the content of FAD after extraction. The

protein concentration of the flavin domain and the Fe-S domain was standardised by

UV spectroscopy using the calculated extinction coefficients at 280 nm based on the content

of aromatic amino acid residues of the apoproteins. The concentrations of NADH

(£340-~ 6.22 mM"1 cm"1), ubiquinone-1 (Ql; e275=13.7 mM"1 cm1 in cthanol or

£275 - 7.8 mM"1 cm"1 in H20; Fato et al, 1996) and FAD (e4S0 = 11.3 mM 'cm1; Macheroux,

1999) were calculated based on their absorption coefficients.

SDS-PAGE was performed with 12.5% Polyacrylamide (Schägger and Jagow, 1987). The

expression of the nqrF constructs was confirmed by Western blotting using an antibody

directed against histidinc tags (Tetra-His Antibody, Qiagen).

Non-covalently bound flavins were extracted from protein and subjected to HPLC analysis

(Gemperli et al, 2002).

Iron was determined colorimetrically by the 3-(2-pyridyl)-5,6-bis(5-sulfo-2-furyl)-l,2,4-

triazinedissodium salt trihydratc (fercne) complex (Beincrt, 1978). For the determination of

acid-labile sulphur the methylene blue method (Beinert, 1983) was applied.

NADH dehydrogenase activity was assayed in 20 mM Tris/H2S04, pH 7.5, containing 50 mM

Na2S04, 50 p:g/ml BSA and 0.1 Ql (Sigma). The reaction was started by the addition of

NADH. The kinetics were followed at 25 °C in the presence of oxygen using a dual

wavelength/double beam recording spectrophotometer (UV-3000, Shimadzu) operating in the

dual wavelength mode at 340-370 nm (Chance, 1954). Prior to activity assays NqrF' and the

flavin domain were diluted to an appropriate concentration in 20 mM Tris/H2S04,

pH 7.5, supplemented with 1 mg/ml BSA. During the activity measurements, diluted NqrF'

was kept on ice under exclusion of oxygen.
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2.3.7 Spectroscopy

UV-visible spectroscopy was performed with a Cary 50 spectrophotometer (Varian) or a

UV 3000 dual wavelength/double beam recording spectrophotometer (Shimadzu). X-band

EPR spectra were recorded with an Elexsys E-500 spectrometer equipped with a helium flow

cryostat (Oxford Instruments ESR 410), a NMR Gaussmcter and a Hewlett Packard

Frequency counter. Simulation of EPR spectra was carried out by means of the programme

EPR (Neese, 1995). Spin concentrations were determined by comparison of simulated spectra

to a CuS04 standard (Neese et al, 1996). CD spectroscopy of the Fe-S domain was

performed using a MOS^450 spectropolarimeter (Biologies) at a scan rate of 10 nm/s at

25 °C. The cuvette was flushed with N2.

2.3.8 Model building

The sequence of the NqrF subunit from V. cholerae was aligned with the sequences of the

benzoate 1,2 dioxygenase reductase (BenC) (Karlsson et al, 2002) and the cytochrome b

reductase fragment of nitrate reductase (Lu et al, 1995) using the programme 3D-PSSM

(Kelley et al, 2000). These alignments were combined and verified using structural

information of BenC (PDB entry IKRH), of cytochrome h reductase (ICNF) and of

adrenodoxin (Müller et al, 1998) (1AYF). The resulting multiple sequence alignment was the

basis for a three-dimensional model of NqrF generated by the programme Modeller (Marti-

Renome/a/.,2000).

2.4 Results

2.4.1 Cofactor content and activity of NqrF-derived polypeptides

The N-tcrminal half of NqrF with its binding motif for a Fc-S cluster is related to

ferredoxins, while the C-terminal half comprises motifs for the binding of flavin and

NADH (Figure 1). Three NqrF-derived polypeptides were produced, the NqrF subunit devoid

of a putative N-tcrminal a-hclix with a molecular mass of 44596 Da (NqrF'), and its Fe—S

and flavin-carrying domains with molecular masses of 17873 and 34047 Da, respectively

(Figure 2).
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Figure 2: SDS-PAGE of the N-terminally

truncated NqrF subunit and its flavin- and

Fe-S domains

Lane 1, 13 u.g of NqrF', lane 2, 10 u,g of flavin

25 domain, lane 3, 8 ug of Fc-S domain. The gel was
17 stained with Coomassie. The VC2333 gene

product (*) present in the NqrF' preparation was

identified by N-terminal sequencing.

NqrF' contained 0.94 ± 0.06 mol of FAD/mol (21.1 + 1.3 nmol of non-covalently bound

FAD/mg). In addition, less than 3.2 nmol of FMN/mg and less than 0.3 nmol of riboflavin/mg

were present in NqrF'. The FAD domain contained 0.95 + 0.06 mol of non-covalently bound

FAD/mol (29.6 ± 1.9 nmol of FAD/mg). Again, small amounts of FMN (< 2.8 nmol/mg) and

riboflavin (< 0.2 nmol/mg) were also detected.

These results demonstrate that the non-covalently bound FAD present in the Na4-NQR

complex resides in the NqrF subunit. Both NqrF' and the flavin domain exhibited high

NADH dehydrogenase activities with ubiquinonc-1 as artificial electron acceptor (up to

20 000 u. min"1 mg '), depending on the FAD content of the enzyme specimens. The increase

of enzymatic activity with increasing concentrations ofNADH was very similar for NqrF' and

the flavin domain, with half-maximal activities observed in the presence of 2^4 uM NADH.

A characteristic property of Na'-NQR is its inhibition by silver ions (Steuber et al, 1997).

Half-maximal inhibition of the flavin domain by Ag+ was observed in the presence of 670 nM

AgT. NqrF' produced in V. cholerae contained 0.35 + 0.02 mol of Fe and 0.38 + 0.12 mol of

acid-labile sulphide/mol of NqrF'. Although FAD was efficiently inserted during over¬

production of NqrF', the assembly of the Fc-S cluster was clearly sub-stoichiometric.

Assuming that the Fe-S cluster on NqrF' is of the 2Fc-2S type (sec below), our results

indicate that 18% of NqrF' overproduced in V. cholerae contained an Fe-S cluster. Treatment

with the cysteine desulphurase NifS did not increase the amounts of Fe and acid-labile

sulphide in NqrF' and did not result in higher spin concentrations monitored by EPR.

Attempts to reconstitute the Fc-S cluster under slightly denaturing conditions resulted in the

loss of the FAD. The situation was different in the isolated Fc-S domain of the NqrF subunit.
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Here, the amount of Fc-S cluster inserted in vivo (0.40 ± 0.08 mol of Fe and 0.40 + 0.10 mol

of acid-labile sulphidc/mol) could be increased by subsequent in vitro assembly with the help

of NifS (1.61 ± 0.28 mol of Fe and 1.31 ± 0.11 mol of acid-labile sulphide/mol). The

NifS-catalysed insertion of the Fc-S cluster was accompanied by an increase in absorption

with typical maxima at 340, 410, 451 and 560 nm. The content of iron and acid-labile

sulphide indicated that the reconstituted Fc-S domain harbours a 2Fe-2S cluster, in

accordance with its spectroscopic properties (see below). We observed a rapid degradation of

the Fe-S cluster in NqrF' and the Fe-S domain during few minutes after exposure to air. The

NqrF' domain lost its brown-yellow colour typical for Fe-S-containing flavoproteins and

turned yellow, while the Fe-S domain bleached completely. A loss of the Fc-S centre during

purification in the presence of oxygen was also observed with the Na'-NQR complex from

V. alginolyticus (Steuber et al, 2002).

2.4.2 Midpoint redox potential of the FAD of the flavin domain

The flavin domain exhibited an optical spectrum typical for oxidised flavoproteins with

maxima at 396 and 454 nm and a shoulder at 480 nm (Figure 3). Upon addition of sub-

stoichiometric amounts of NADU (10 J4M) to the flavin domain (14 pJVI), the transient

formation of a blue neutral flavosemiquinone with a characteristic absorbance in the range

from 520 to 660 nm was observed (Figure 3A). The flavosemiquinone was stable for

20-30 min. From the difference in absorbance at 580 nm and the absorption coefficient of the

neutral flavosemiquinone in flavodoxin (£5so = 4.5 mM"1 cm '; Massey and Palmer, 1966), a

flavosemiquinone concentration of 4 uJVl was calculated indicating that approximately 30% of

the FAD cofactor in the flavin domain was in the one-electron-reduccd state under these

conditions. The formation of the one-electron-reduced flavin from the obligate two-electron

donor NADH is unexpected and might be the result of a comproportionation reaction between

two flavin domains in the fully oxidised and the fully reduced state, respectively (McLean et

al, 2003). Addition of excess NADH (73 uM) to the FAD domain (30 uM) resulted in the

complete reduction of the FAD (Figure 3B). The NaT-NQR complex purified in the presence

of oxygen stabilised a neutral flavosemiquinone in the as isolated state, whereas an anionic

flavosemiquinone was observed in the Na+-NQR after addition of excess dithionite (Boga¬

chcv et al, 2002; Barquera et al, 2003). We did not detect radicals in the flavin domain as

isolated or in the flavin domain treated with an excess ofNADH by EPR spectroscopy.

The midpoint redox potential of the FAD in the flavin domain was determined by comparison
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with a suitable redox indicator of known midpoint potential. Using the two-electron donor

phcnosafranine, a theoretical Ncrnst coefficient of 1.0 is expected if the FAD in the flavin

domain undergoes two-electron reduction. A Nernst coefficient of 1.33 was obtained for the

FAD in the flavin domain, indicating that the FAD acted as two-electron acceptor during the

redox titration. The FAD in the flavin domain of the NqrF subunit exhibited an overall redox

midpoint potential E,„ (FAD/FADII2) = -286 ± 17 mV.
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2.4.3 Spectroscopic properties of the Fe-S domain

Figure 3: Visible absorption

spectra of the flavin domain

of the NqrF subunit

Reduction of the flavin

domain was followed in

10 mM Tris/HCl, pH 7.5,

0.3 M NaCI under exclusion

of oxygen. (A) Solid line, as

isolated (oxidised) flavin

domain (14 pJVI); dashed line,

partially reduced flavin

domain 5 min after addition

of 10 pJVl NADH. (B) Solid

line, as isolated (oxidised)
flavin domain (30 p;M);
dashed line, fully reduced

flavin domain after addition

of73fiMNADH.

The cluster binding motif Cys-Xaa5-Cys-Xaa2-Cys-Xaan-Cys (with n = 29-37) found on

NqrF from different organisms is characteristic of vertebrate (or hydroxylase)-typc 2Fc

ferredoxins (Matsubara and Sacki, 1992). The spacer between the first and the second ligating

cysteine comprises five amino acid residues in vertebrate-type ferredoxins but only four

residues in plant-type ferredoxins. It seems likely that CI 11 (V. cholerae numbering) acts as
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the fourth ligand to the Fe-S cluster in NqrF, because other cysteines that could act as ligand

are not conserved in NqrFs from different organisms. The visible absorption and circular

dichroism spectra of the Fe-S domain from the NqrF subunit resembled that of

2Fc ferredoxins (Hurley et al, 1997; Figure 4).
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Figure 4: Visible spectra of

the reconstituted Fc-S domain

of the NqrF subunit

(A) Visible absorption spectra
of the reconstituted Fe S

domain (90 p:M) in 50 mM

Tris/HCl, pH 7.8, in the

oxidised state (solid trace) and

after reduction with a slight
excess of sodium dithionitc

(dashed trace). (B) Visible

region CD spectrum of the

reconstituted Fc-S domain in

the oxidised state (135 U.M,

buffer 10 mM Tris/HCl,

pll 7.8).

EPR spectroscopy of the Fc-S domain treated with a 15-fold excess of dithionite revealed a

nearly axial signal which was assigned to a mixcd-valcnt (Fe(IT)/Fe(TTI)) state of a 2Fc-2S

cluster with characteristic g-valucs of gj.
= 1.938, g| =2.020 obtained by a simulation of the

spectrum (Figure 5). Axial EPR signals are characteristic of vertcbratc-type 2Fe ferredoxins

(Ta and Vickery, 1992), whereas the spectra of plant-type 2Fe ferredoxins reveal a rhombic

distortion (Cheng et al, 1994). The signal of the Fc-S domain was readily saturated and was

optimally detected at 1-25 p,W (12 K). EPR spectroscopy is a tool to quantify paramagnetic

species like Fc-S clusters which exhibit a spin 1/2 in the appropriate redox state. The amount
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of reduced Fe-S cluster in the dithionite-treated Fe-S domain was 38 pJVl according to spin

quantitation of the simulated spectrum, or approximately 50% of the expected amount of

2Fc-2S cluster based on the content of Fc and acid-labile sulphide.

Figure 5: EPR spectrum of the

reconstituted Fc-S domain of the

NqrF subunit

The Fe-S domain (90 uM in

50 mM Tris/HCl, pH 7.8) was

mixed with sodium dithionitc

(1.35 mM) under exclusion of

oxygen at room temperature and

frozen in liquid nitrogen. EPR

conditions: microwave frequency,
9.4742 GHz; microwave power,

0.025 mW; modulation amplitude,
1.0 mT; temperature, 12 K.

330 340 350 360

Magnetic field [mT]

2.4.4 Redox properties of NqrF'

The visible absorption spectrum of NqrF' as isolated showed characteristic absorbance

maxima at 396 and 456 nm ascribed to FAD. Additional maxima at 340 nm and around

560 nm were assigned to the Fc-S cluster (Figure 6). Upon addition of dithionitc (15 U.M) to

NqrF' (15 uJVI), part of the FAD in NqrF' was converted to the one-electron-rcduccd state

under formation of a blue neutral flavosemiquinone with characteristic absorbances in the

range from 520 to 660 nm. Further addition of dithionitc (23 uM final concentration) resulted

in the complete reduction of the FAD in NqrF' (Figure 6A). Formation of a blue neutral

flavosemiquinone in NqrF' was also observed after addition of sub-stoichiomctric amounts of

NADH (Figure 6B). Approximately 50% of the FAD cofactor in NqrF' was in the one-

electron-rcduccd state under these conditions.
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Figure 6: Visible absorption spectra of NqrF'

Reduction of NqrF' was followed in 50 mM Tris/HCl, pH 7.5, 0.3 M NaCI under exclusion of

oxygen. (A) NqrF' (15 p:M) in the oxidised state (as isolated, solid line) was partially reduced

by adding 15 uM dithionitc, and the spectrum was recorded after 2 min (dotted line). Further

addition of dithionite (23 jiM final concentration) resulted in complete reduction of NqrF'
after 1 h (dashed line). (B) NqrF' in the oxidised state (22 p,M, solid line) was mixed with

10 |lM NADH, and the spectrum was recorded after 1 min (dotted line). The inset shows the

difference spectrum of NqrF' (NADH-reduced minus oxidised) with maxima at 595 and

648 nm characteristic of a blue neutral flavosemiquinone.

In the presence of excess NADH, the flavosemiquinone was converted to FADH2, but

reappeared after 5 min (data not shown). A redox titration of the FAD in NqrF' using

phenosafraninc as an indicator dye revealed a Nernst coefficient of 0.33. Apparently, the FAD

in NqrF' did not undergo complete two-electron reduction under conditions where full

reduction of the FAD in the flavin domain was observed. These results suggest that the FAD
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in NqrF' has a more negative overall midpoint potential than the FAD in the flavin domain.

The EPR spectroscopic properties of the Fc-S cluster in NqrF' and its isolated Fc-S domain

were compared. Upon addition of NADH or dithionite to NqrF', a nearly axial signal

appeared which was very similar to the signals attributed to the 2Fc-2S cluster in the

Fe-S domain. In addition, a small radical signal with a characteristic g-valuc at 2.00 was

detected (Figure 7, top trace).

Figure 7: EPR spectra of NqrF'

NqrF' was mixed with NADU or

sodium dithionite under exclusion of

oxygen at room temperature and frozen

in liquid nitrogen after 30 min. Top

trace, 115 \xM NqrF' reduced with

580 uM NADH in 50 mM Tris/HCl,

pH 7.5. EPR conditions: microwave

frequency, 9.6304 GHz; microwave

power, 0.002 mW; modulation

amplitude, 0.5 mT; temperature, 50 K.

Bottom trace, 50 (J.M NqrF' reduced

with an excess of sodium dithionite in

20 mM glycine, 40 mM Tris/HCl,

pH 8.3. EPR conditions: microwave

frequency, 9.6342 GHz; microwave

power, 0.01 mW; modulation ampli¬
tude, 1.0 mT; temperature, 12 K. Note

that the EPR signal of the NADII-

reduced NqrF' (top trace) exhibits

much lower intensities than the signal
of the dithionitc-reduced NqrF'
(bottom trace) which is shown at a 10-

fold reduced scale.

340 350 360

Magnetic field [mT]

This radical signal was assigned to the neutral flavosemiquinone also observed by visible

spectroscopy (Figure 6). Reduction of NqrF' with excess dithionitc resulted in the

disappearance of the radical signal as monitored by EPR (Figure 7, bottom trace).
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As observed with the Fc-S domain, the Fe-S cluster in NqrF' was optimally detected at

10 |iW (12 K) or 2 u,W (50 K) but was readily saturated at increasing microwave power. The

g-values of the Fe-S cluster were obtained from a simulation of the EPR spectrum of the

dithionite-reduced NqrF' with gx = 1.935 and g|| =2.018.

The amount of reduced Fe-S cluster in the NADH-treated NqrF' was 1 uJVl according to spin

quantitation of the simulated spectrum or approximately 1% of the amount of NqrF' based on

FAD content. This is considerably lower than the amount of Fe-S cluster detected in the

dithionite-reduced NqrF' (9.5 p:M, corresponding to approximately 10% of the amount of

NqrF' based on FAD content). These results indicate that the 2Fc-2S cluster in NqrF' was

only partially reduced using NADH as electron donor, whereas complete reduction was

achieved by the addition of dithionite which has a more negative midpoint potential than

NADH. Obviously, the midpoint potential of the 2Fc-2S cluster in NqrF' is significantly

lower than Em = -320 mV of the NAD+/NADII redox couple.

2.5 Discussion

The Na+-NQR contains four flavins, one Fc-S centre and ubiquinone-8 as cofactors. These

redox centres are likely to participate in electron transfer from NADH to membranc-bound

quinones coupled to the transport of Na' against an electrochemical potential. The description

of the individual redox centres is a prerequisite to elucidate the transport mechanism of

Na+-NQR. A role for flavosemiquinones during redox-driven Na+ transport has been

proposed for the Na+-NQR complexes from V. cholerae (Barquera el al, 2003) and

V. harveyi (Bogachcv et al, 2002). In both studies, a neutral flavosemiquinone was observed

in the Na'-NQR purified in the presence of oxygen. Upon addition of a rcductant, this neutral

flavosemiquinone disappeared, and an anionic flavosemiquinone was detected. Here we

demonstrate that the NqrF subunit represents the site of electron entry into the Na+-NQR

complex. The FAD in NqrF acts as a converter between the hydride donor, NADU, and the

one-electron acceptor, the 2Fe-2S cluster, under transient formation of a neutral flavo¬

semiquinone. The anionic flavosemiquinone identified in the Na+-NQR (Bogachev et al,

2002; Barquera et al, 2003) must therefore arise from one of the covalently bound FMNs on

NqrB and NqrC or from the riboflavin that is also present in the complex (Barquera et al,

2002b).
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Figure 8: Structural prediction of the NqrF subunit of the Na^-NQR from Vibrio cholerae

The model is based on the high-resolution structure of the benzoate 1,2-dioxygenase
reductase from Acinetobacter sp. strain ADP1 (Karlsson et al, 2002) which exhibits 23%

overall sequence identity to NqrF. (A) Proposed architecture of NqrF. The polypeptides

produced are the ferredoxin domain (magenta), the flavin domain (blue) and a soluble variant

of the NqrF subunit comprising the ferredoxin and the flavin domain (NqrF') which is devoid

of the N-terminal helix (green). This hydrophobic helix is assumed to anchor the NqrF
subunit to the membrane. (B) Model of the FAD and the 2Fe- 2S cluster in NqrF. The distance

between the C(8) methyl group on the isoalloxazine ring of the flavin and the closest iron

atom is sufficiently short for electron transfer. The adenosine moiety of the FAD was omitted

for clarity. The figure was prepared with the programme DS ViewerPro 5.0

(www.accelrys.com).

Productive electron transfer from the FAD to the 2Fe -2S cluster m NqrF requires a spacing of

14 Â or less between these redox centres (Page et al, 1999). The structural arrangement of the

FAD and the 2Fe-2S cluster can be predicted from a model of NqrF (Figure 8) derived from

high-resolution structures of related enzymes. Sequence comparisons indicate that the NqrF

subunit comprises two functional units. The N-terminal part contains the cysteine motif

required for the binding of the Fc-S cluster, whereas the C-terminal part is related to

NADP -ferredoxin reductases (FNRs) (Corrcll et al, 1993) and contains the NADH- and

FAD-binding domains. NADP - ferredoxin reductases accept electrons from ferredoxin and

reduce NADP" to NADPH. The NqrF subunit can be viewed as a fusion of a 2Fe ferredoxin

with its redox partner, FNR. The structural prototype of a 2Fe ferredoxin and a NADH-oxidi-

sing FAD domain arranged in a single enzyme is represented by benzoate 1,2-dioxygenasc
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reductase (BenC). Like NqrF, BenC contains a 2Fe-2S cluster and FAD as redox cofactors

and stabilises a neutral flavosemiquinone upon reduction by NADH (Wolfe et al, 2002).

A comparison of BenC with the related enzymes phthalate dioxygenase reductase and FNR in

complex with ferredoxin revealed that the flavin and 2Fe-2S cluster can be superimposed in

all three structures (Karlsson et al, 2002), indicating that the arrangement of the redox

cofactors is highly conserved in this family of NAD(P)H dehydrogenases. We used the high-

resolution structures of BenC (Karlsson et al, 2002) and related proteins (Lu et al, 1995;

Müller et al, 1998) to model the structure of the NqrF subunit of the Na*-NQR from

V. cholerae. Important amino acid residues that act as ligands or form hydrogen bonds to the

cofactors in BenC are also present in NqrF. For example, residues R156, Y158 and S159

which form hydrogen bonds to the phosphate, the ribityl and the isoalloxazine moieties of the

FAD in BenC arc fully conserved in NqrF (R210, Y212 and S213). A stacking interaction of

the isoalloxazine ring with F335 is observed in BenC suggesting a similar arrangement of

F406 in NqrF.

The ferredoxin domain of NqrF contains the four conserved cysteines C70, C76, C79 and

CI 11, which act as ligands to the 2Fc-2S cluster. The Fc-S cluster is probably held in

position by G77 and Ql 12 (NqrF numbering) which in BenC arc hydrogen bonded to the

acid-labile sulphide S2 of the 2Fe-2S cluster and to the sulphur atom of the fourth cysteine,

respectively. In summary, the FAD and the 2Fe-2S cluster arc likely to adopt very similar

positions in NqrF and BenC. The model of NqrF suggests a distance from the C(8) methyl

group of the isoalloxazine ring of FAD to the closest iron atom of the 2Fc-2S cluster of

approximately 9 Â (Figure 8). This spacing would allow efficient electron transfer between

the two redox cofactors, which is in agreement with the experimental results. The redox chain

NADH — FAD —» 2Fe-2S on the NqrF subunit represents the initial electron transfer

pathway in the Na'-NQR complex. From the Fc-S centre, electron transfer could proceed to

one of the flavins or to ubiquinonc-8 present in the complex. Subunits NqrC and NqrF were

co-purified as a fragment of the Na'-NQR from V. alginolyticus (Nakayama et al, 1998). It

therefore seems likely that the covalently attached FMN on NqrC is located in close proximity

to NqrF and acts as an electron acceptor for the Fe-S centre. It will now be important to

investigate whether the oxidation of the Fe-S centre precedes the formation of the anionic

flavosemiquinone in the Na'-NQR complex and whether this anionic flavosemiquinone is

located on the NqrC subunit.
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3.1 Abstract

We recently showed that the Fc-S cluster of the Naf-translocating NADlEquinone

oxidoreductase (Na+-NQR) from Vibrio cholerae is localised on the NADIT-oxidising NqrF

subunit and mediates electron transfer between the FAD cofactor and downstream electron

carriers in NaT-NQR. By UV-visible, circular dichroism (CD) and electron paramagnetic

resonance (EPR) spectroscopy the Fe-S cluster of the NqrF subunit resembled a 2Fe-2S

cluster of the vertebrate-type. Here wc investigate the ligands of the Fc-S cluster on the

individual Fe-S domain of NqrF by Mössbauer and magnetic CD (MCD) spectroscopy. The

MCÜ spectrum of the reduced Fc-S domain implies a 2Fe-2S cluster of the vertebrate-type

exclusively coordinated by cysteinyl residues. Accordingly, Mössbauer spectroscopy of the

oxidised Fe-S domain reveals a binuclear Fe-S cluster with tetrahedral sulphur coordination.

These data correspond to the binding motif Cys70-x(5)-Cys76-x(2)-Cys79-x(31)-Cysl 11

on NqrF. Comparison of the amino acid sequence of the NqrF subunit from V. cholerae to the

NqrF subunits and several cysteinyl coordinated 2Fe-2S ferredoxins from other species

strongly suggests that Cysl 11 rather than Cysl35 is the fourth cluster ligand.

3.2 Introduction

The Na+-pumping NADlEquinone oxidoreductase (Na'-NQR) represents the electron input

complex of the respiratory chain in mainly marine, like Vibrio alginolyticus, and some

pathogenic bacteria, like Haemophilus influenzae and V. cholerae (Barquera et al, 2002a;

Bogachcv et al, 2002; Hayashi et al, 1996; Steuber et al, 2002; Tokuda and Unemoto, 1982;

Zhou et al, 1999). The membrane protein complex of 210 kDa consists of six subunits,

NqrA-F (Beattie et al, 1994; Hayashi et al, 1995). Na+-NQR contains a variety of redox

cofactors: ubiquinonc-8 (Hayashi et al, 2002; Pfenningcr-Li et al, 1996), an Fe-S cluster

and four flavins: two FMN cofactors covalently bound to the NqrB and C subunits (Ilayashi

el al, 2001), one non-covalent FAD, and recently, riboflavin has been described as a

component of the Na'-NQR from V. cholerae (Barquera el al, 2002b).

To understand the electron transfer pathway in Na+-NQR, it is important to study the

properties of its individual redox cofactors. This can be approached by expressing and

characterising the individual redox cofactor harbouring subunits or sub-domains. We lately

showed that a 2Fe-2S centre and one non-covalently bound FAD reside on the NqrF
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subunit (Turk et al, 2004). The NqrF subunit, anchored to the cytoplasmic membrane by its

N terminus, displays a clearly defined domain structure. The N-lerminal Fe S domain

harbours the Fc-S cluster binding motif (Cys70-x(5)-Cys76-x(2)-Cys79-x(31)-Cysl 11) and

the C-tcrminal FNR (Fcrrcdoxin-NADP+ Rcductase)-like domain the binding sites for FAD

and NADH (Fraaijc and Mattcvi, 2000; Rich et al, 1995). This domain arrangement can be

found in naphthalene or benzoate dioxygenase reductases in which a ferredoxin domain is

fused to the flavin-containing FNR-like domain (Karlsson et al, 2002; Kauppi et al, 1998).

NqrF and its individually purified flavin domain were shown to harbour cquimolar amounts

of FAD and exhibited NADH dehydrogenase activity in the presence of artificial electron

acceptors (Turk et al, 2004).

The Fc-S domain of the NqrF subunit used for the studies presented herein comprises the

amino acids M1-F146 of NqrF of the Na'-NQR from V. cholerae. Deletion of T3-A25 in the

construct removes a putative transmembrane helix at the N terminus of NqrF (V8-A25),

resulting in a soluble protein with a molecular mass of 17873 Da (Turk et al, 2004). The

2Fe-2S cluster of Na+-NQR is sensitive to oxidative damage. The reddish-brown Fe-S

domain bleached rapidly upon exposure to air, caused by the decomposition of the 2Fc-2S

centre (Turk et al, 2004). A loss of the Fe-S cluster was also observed during purification of

the Na'-NQR from V. alginolyticus in the presence of air (Steuber et al, 2002).

Here wc report on the characterization of the 2Fc-2S cluster of NqrF by means of

spectroscopic methods taking advantage of the Fc-S domain construct devoid of its

N-tcrminal membrane anchor. Prerequisites for the study of the Fe-S domain of NqrF were

its purification under exclusion of oxygen and the reconstitution of the Fe-S cluster of the

Fc-S domain overproduced in E. coli, mediated by the cysteine desulphurase NifS from

Azotobacter vinelandii (Turk et al, 2004).

We applied Mössbauer, MCD and EPR spectroscopy in order to assign the Fc-S cluster of

Na+-NQR to known classes of 2Fe-2S ferredoxins (Fds) and identify the ligands which

coordinate the iron atoms.

Two monophyletic families of 2Fe-2S ferredoxins are known: The thioredoxin-like

ferredoxins with the unique signature C-x(10,12)-C-x(19,34)-C-x(3)-C (Meyer, 2001; Yeh

et al, 2000) and so-called plant- and vertebrate-type ferredoxins (Bcincrt, 1997; Matsubara

and Sacki, 1992). The second family comprises two sub-groups referred to as plant-type

(C-x(4)-C-x(2)-C-x(28,29)-C) and vertebrate- or mammalian-type ferredoxins (C-x(5) -C-

x(2)-C-x(30<n<39)-C) (Meyer el al, 2002). The thioredoxin-Hkc Fds have been so far only

found in bacteria, e.g. Aquifex aeolicus, Azotobacter vinelandii and Clostridium pasteurianum
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(Meyer, 2001), whereas the plant- and vertebrate-type Fds are widely distributed among

living organisms. Although plant- and vertebrate-type Fds share only 23% sequence identity,

the structures of the hydrophobic core of these proteins arc very similar. The ferredoxins

contain a common structural motif, the so-called ubiquitin super-fold, also known as ß-grasp

motif (Overington, 1992), which consists of a mixed four-stranded ß-sheet and a long a-

helix packed across one face of the ß-sheet.

Plant-type Fds transfer electrons from photosystem I to several Fd-dcpendcnt enzymes, e.g.

FNR. They constitute a homogeneous group among the 2Fe-2S ferredoxins and split in a

plant- and a eyanobacterial sub-tree (Matsubara and Saeki, 1992). Halophilic archaeal

ferredoxins may be considered as distinct from plant-type Fds, but are their closest relatives

(Frolow <?/«/., 1996).

The vertebrate- or mammalian-type Fds comprise at least three sub-trees: (i) the eukaryotic

adrenodoxin (Adx)-likc proteins involved in hydroxylation electron transfer chains (Grinbcrg

et al, 2000; Pikuleva et al, 2000), including others involved in Fe-S cluster assembly like

Yahlp; (ii) the bacterial Isc-type Fds involved in Fe-S assembly (Jung et al, 1999; Kakuta et

al, 2001) and (iii) the bacterial putidarcdoxin (Pdx) group (Sevrioukova et al, 2003).

Here we conclude that the 2Fc-2S cluster of the Na+-NQR belongs to the vertebrate-type

family and is closely related to the Isc-Fd sub-tree.

3.3 Materials and Methods

3.3.1 Preparation of oxidised (as isolated) and reduced Fe-S domain

The Fc-S domain was produced in E. coli BL21 (DE3)-pFS224 (Turk el al, 2004). The

purification of the Fe-S domain and the NifS-mcdiatcd reconstitution of its Fc-S cluster was

performed under exclusion of oxygen as detailed in (Turk et al, 2004). After reconstitution of

the Fc-S cluster, the Fe-S domain was in its completely oxidised state and typically contained

1.61 +0.28 mol of iron and 1.31 ±0.11 mol of acid-labile sulphidc/mol protein.

The Fe-S domain was reduced by an excess of sodium dithionite (E„l7 (SO^2 /S2O42 ) =

-527 mV or photochcmically with the 5-dcazaflavin/oxalale system which generates

electrons at very low potentials of -650 mV (Massey et al., 1978). For photochemical

reduction the Fc-S domain was incubated with 40 mM oxalate as electron donor and 4 uJVl

5-deazaflavin as photoreactivc catalyst in 50 mM Tris/HCl, pll 7.5. The reduction was carried
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out by illuminating the sample in a quartz cuvette for 10 min at 10 cm from a white light

source.

3.3.2 Spectroscopy

UV-visiblc spectra were recorded with a Cary 50 spectrophotometer (Varian).

CD spectroscopy of the Fc-S domain was performed using a MOS^450 spcctropolarimeter

(Biologies) at a scan rate of 10 s/nm at 25 °C. The cuvette was flushed with N2.

X-band EPR spectra were recorded with a Brukcr ESP 300E spectrometer equipped with a

helium flow cryostat (Oxford Instruments ESR 910), a NMR Gaussmeter and a Hewlett

Packard Frequency counter. Simulation of EPR spectra was carried out by means of the

programme EPR (Neese, 1995). Spin concentration was determined by comparison of

simulated spectra to a CuS04 standard (Neese et al, 1996).

MCD spectroscopy

For MCD spectroscopy samples were reduced with an excess of dithionitc and mixed with

50% (v/v) glycerol and homogenised with a small plastic stirrer. Remaining bubbles were

removed by centrifugation in a desktop centrifuge. Samples were inserted into a copper MCD

sample cell with two Infrasil quartz disks sandwiching a 3 mm thick ncoprenc O-ring spacer.

The sample was injected with a syringe equipped with a polyethylene tube and frozen in

liquid nitrogen.

MCD spectra were obtained at liquid He temperatures (1.8-50.4 K) on a Jasco J-715C (200-

1060 nm) with an extended S-20 and S-l photomultiplier tube (Hammamatsu). The J-715C

spectrometer was equipped with an Oxford Instruments SM4-11 T superconducting

magnet/cryostat capable of fields up to 11 T and temperatures down to 1.5 K.

Mössbauer spectroscopy

NifS-mediatcd reconstitution of the Fc-S cluster of the Fe-S domain was carried out as

previously described, but with the 57Fc isotope of Mohr's salt ((NH4)257Fe(S04)2 • 6H20) as

iron source. Mohr's salt was prepared in the hood as follows: 1.88 • lO^mol of metallic 57Fc

were dissolved in a stoichiometric amount of a 1 M H2SO4 solution by vigorous heating in a

glass vial covered by a metal cap with small holes. If necessary, small amounts of distilled

water were added to compensate for the loss of liquid by evaporation. Subsequently, the
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solution was concentrated in a water bath to the point at which a thin crystal coating began to

appear. Likewise, 1.88 10^ mol of (NH4)2S04 was dissolved in a few drops of distilled water

and concentrated in the water bath until formation of a crystal film was initialised. The two

hot solutions were combined and allowed to crystallise over night at room temperature in the

dark. The mother liquor was removed and discarded. The crystals were allowed to dry for a

few days and then stored in the anaerobic chamber until use.

Mössbauer data were recorded with a spectrometer of the alternating constant -acceleration

type equipped with a Variox Cryostat (Oxford Instruments) with a velocity of 80 K. The

minimum experimental line width was 0.24 mm • s"1 (full width at half-height). The field at

the sample was perpendicular to the y-beam. The 57Co/Rh source (1.8 GBq) was positioned at

room temperature inside the gap of the magnet system at a zero-field position. Isomer shifts

are quoted relative to iron metal at 300 K. Mössbauer spectra were analysed on the basis of a

spin-IIamiltonian description of the electronic ground-state spin multiplet as described

(Meyer et al, 1999).

3.3.3 Analytical methods

Protein was determined by the microbiuret method (Goa, 1953) preceded by trichloroacetic

acid precipitation, BSA served as the standard. The concentration of the Fc-S domain was

determined by the microbiuret method standardised by UV spectroscopy using the theoretical

extinction coefficient at 280 nm, 6290 M"1 cm ', of the colourless Fe-S domain devoid of its

Fe-S cluster.

Iron was determined colorimctrically by the 3- (2-pyridyl) -5,6-bis(5-sulfo-2-furyl)-l,2,4-

triazinedissodium salt trihydrate (fercne) complex (Beinert, 1978; Smith et al, 1984). For the

determination of acid-labile sulphur the methylene blue method (Beinert, 1983) was applied.

3.4 Results

3.4.1 The Fe-S cluster binding motif on the NqrF subunit of Na+-NQR

NqrF is highly conserved among Na'-NQRs of different organisms (identity > 65%,

similarity > 80%), especially among Vibrio sp. (identity > 90%, similarity > 95%). However,

including the NqrF subunits of Chlamydia sp., which form a group apart from other identified

NqrF sequences, reduces the consensus to 36% identity, 54% similarity.
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Figure I: Comparison of the NqrF subunit of Na+-NQR with sequences of 2Fc-2S

ferredoxins

The Fe-S domain (A25-N140) of the NqrF subunit from V. cholerae (NqrF_VIBCH, Q9X4Q8)
was aligned with the putative NqrF subunit from Chlamydophila pneumoniae (NqrF CHLPN,

15214181) and with representatives of plant-type ferredoxins and vertebrate- (mammalian-) type
ferredoxins of the Adx -, Pdx- and lsc-Fd group with special focus on the arrangement of the

conserved cysteine residues (diamonds) that are likely to coordinate the Fc-S cluster on NqrF, and

their environment. The alignment, created with Clustal W, was adjusted with the help of structural

alignments (Grinberg et al, 2000; Kakuta et al., 2001; Mitou et al, 2003). Sequences are

designated by locus or FER for ferredoxin combined to the species name abbreviation (Genbank

protein accessions in parentheses); FER5_AQUAE, Aquifex aeolicus Fd5 (P59799);
THCCRHOER, Rhodococms erythropolis rhodocoxin (P43493); Vertebrate-type Fds: Pdx-

group: TERP PSESP, Pseudomonas sp. terpredoxin (P33007; PDB entry 1B9R). PUTX_PSEPU,
Pseudomonas putida putidaredoxin (PXPSEP; PDB entry IPUT); Adx-group: ADRXSACCII,

Saccharomyces cerevisiae Yahlp (S0006173); ADRX_BOST, Bos taunts (bovine) adrenodoxin

(BAA00363, PDB entiy 1AYF); lsc-Fd group: FER_ECOLI, Escherichia coli Isc-Fd (P25528,
PDB entry 1I7H); FER4 AZOVl, Azotobacter vinelandii Isc-Fd (FdlV) (T44286); Plant-type
Fds: FER1 ANASP, Anabaena strain PCC 7120 Fd (P06543, PDB entry 1FXA); FER1_SPIOL,

Spinacia oleracea (spinach) Fdl (FESP1); others: FEHSX, Ilaloarcula marismortui (FEHSX;
PDB entry 1DOI); FESGAL, Spiruhna platensis Fd (FESGAL, PDB entry 4FXC). The arrow

indicates the fourth amino acid residue between the first and the second cysteine ligand of the

Fe-S cluster which is lacking in plant-type Fds. The filled circle markes the CI35 from

V. cholerae which is unlikely to be the fourth ligand of the Fe-S cluster as detailed in the text.

Black bars mark conserved sequence motifs referred to in the text. Consensus levels: completely
conserved (100%) (white on black), intermediate (100% > x > 80%) (white on dark grey), low

(80% > x > 60%) (black on light grey) and < 60% conserved (black on white).
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The Fe-S cluster binding motif starts with C70 in V. cholerae and matches the C-x(5)-C-

x(2)-C-x(30<n<39)-C motif characteristic of vertebrate-type 2Fc-2S clusters with the

conserved helix-forming residues RLxCQ surrounding the fourth cysteine ligand (Figure 1).

The number of amino acid residues separating the third from the fourth cluster ligand n = 31

is lower than n = 35 for the average of vertebrate-type Fds, but this difference in distance

does not seem to interfere with the type of the Fe-S cluster (Golinelli et al, 1996; Yeh et al,

2000). Nevertheless, the location of the fourth cysteine in the three-dimensional structure,

which is rather flexible compared to the other three ligands, influences the distortion of the

plane defined by the Sy-atoms of the cysteine ligands.

A homology search (Altschul et al, 1990) was performed with the amino acid sequence of the

Fe-S domain of NqrF from V. cholerae. Only matches to 2Fc-2S ferredoxins are considered

in the following. The highest homology to a characterised 2Fe-2S ferredoxin was found for

Ferredoxin 5 from Aquifex aeolicus (21% identity and 34% similarity, Figure 1), which is

related to the Isc-type Fd sub-tree of the vertebrate-type Fds (Mitou et al, 2003). The

homology search led to the identification of a similar number of homologous ferredoxins,

which belonged to the plant-type (C-x(4)-C-x(2)-C) or to the vertebrate- type

(C-x(5)-C-x(2)-C), respectively. Thus, although the C-x(5)-C-x(2)-C motif on NqrF

suggests its allocation to vertebrate-type Fds, the Fe-S domain is similarly related to

vertebrate- and plant-type Fds with regard to its overall sequence. Wc therefore undertook a

detailed spectroscopic study in order to unequivocally assign the type of the 2Fe-2S cluster

present in Na'-NQR.

3.4.2 UV-visible and CD spectroscopy

The UV-visible absorption spectrum of the reconstituted Fc-S domain exhibited maxima at

340, 410 and 451 nm and a broad maximum at 560 nm (Figure 2A), characteristic of

[2Fe-2S] clusters. The Fc-S domain was only partially reduced by excess of sodium

dithionite, but was completely reduced photochemically with the 5-dcazaflavin/oxalatc

system, which generates electrons at potentials of-650 mV and therefore is applied to reduce

low potential Fc-S proteins (Massey et al, 1978). Upon reduction (Figure 2A) to the

[2Fe-2S]+ state, the absorbance decreased over the whole visible range and a broad maximum

appeared around 540 nm (Figure 2A), which is typical of vertebratc-type Fds (Fu et al, 1992;

Jung et al, 1999; Ta and Vickery, 1992). In contrast, reduced plant-type Fds do not exhibit
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distinct maxima in the reduced state and reduced thioredoxin-type Fds, like the 2Fe-2S ferre¬

doxin from C. pasteurianum, show a characteristic absorbance at 552 nm (Fu et al, 1992).

CD spectroscopy is a tool to address the protein folding in the vicinity of Fe-S clusters

(Crousc et al, 1994; Golinclli et al, 1998). The negative peak at 550 nm and the large

positive peak at 410 nm in the CD spectrum of the oxidised Fc-S domain (Figure 2B) are

characteristic features of [2Fe-2S]2+ clusters (Knoell and Knappe, 1974; Ta and Vickery,

1992). Spinach ferredoxin and Adx, the prototypes of the plant- or vertebrate-type Fds,

respectively, can be differentiated by CD spectroscopy (Palmer el al, 1967; Stephens et al,

1978; Ta and Vickery, 1992). Vertebrate-type Fds show a shoulder of the main peak around

460 nm, which is also present in the CD spectrum of the Fc-S domain. In the CD spectrum of

the Fc-S domain the band at 340 nm is more pronounced in comparison to the main peak at

410 nm than usually encountered in plant- or vertebrate-type Fds. A similar shaped CD

spectrum has been observed for IscU from Thermotoga maritima (Mansy et al, 2002). Since

IscU has a completely different Fe-S binding motif (C-x(24)-C-x(57)-C) than the Fe-S

domain of NqrF, structural significance of this CD absorption band in the Fe-S domain is not

known so far.

Figure 2: Visible spectra of

the reconstituted Fe-S domain

of the NqrF subunit

(A) Visible absorption spectra
of the Fc-S domain (90 U.M)
in 50 mM Tris/HCl, pH 7.8, in

the as isolated state (oxidised,
solid trace) and after reduction

with the 5-deazaflavin/oxaIate

system (reduced, dashed

trace). (B) Visible region CD

spectrum of the Fe-S domain

(135 llM, as isolated) in

lOmM Tris/HCl, pH 7.8.
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3.4.3 Mössbauer spectroscopy

The Fc-S domain was further studied by Mössbauer spectroscopy which is a powerful tool to

determine the number of irons per cluster and the oxidation states of the cluster and to identify

the type of cluster ligands. The best fit, 80% weight, of the Mössbauer spectrum of the

oxidised Fe-S domain in zero magnetic field shows a single quadruple pair (Figure 3), with

the simulation parameters: AEq = 0.613 mm/s and 5 = 0.283 mm/s, characteristic of the

diamagnctic FcTTI-Felll ground state of binuclear Fc-S clusters with tetrahedral sulphur

coordination (Huynh and Kent, 1984; Mitou et al, 2003; Miinck et al, 1972). Two further

subcomponents are found in the Mössbauer spectrum with the following simulation

parameters: AEQ -= 1.142 mm/s and 5 = 0.436 mm/s, weight 8% (component 2), and AEQ =

2.469 mm/s and Ô = 1.342 mm/s, weight 12% (component 3). Component 3 represents Fc(II),

originating from (NH4)257Fc(S04)2 • 6 H20, the iron source in the reconstitution assay.

Component 2 could cither be the Fe(2.5)/Fc(2.5) pair of a cubane 4Fc^4S cluster, or tree

high-spin Fe(III), even though the parameters do not match either of the two species exactly.

These data support the presence of a 2Fc-2S cluster with four cysteine ligands and

unequivocally exclude the presence of a 4Fe^4S or 3Fc^lS cluster in the Fe-S domain of

NqrF.
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Figure 3: Mössbauer spectrum of the reconstituted Fc-S domain ofNqrF

The Mössbauer spectrum of the Fe-S domain (0.4 mM) was recorded at zero magnetic field at

80 K. Crosses mark the measured values. The solid line is a theoretical spectrum which

represents the sum of the simulated spectra of three components (dashed lines), which are

described in the text.
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Taken the results from the chemical analysis of the Fe and S2" content, UV-visiblc, CD and

Mössbauer spectroscopy, the Fe-S domain clearly contains a 2Fe2S cluster. The Mössbauer

spectrum provides first hints to tetrahedral sulphur coordination, implying four cysteine

ligands.

3.4.4 EPR spectroscopy

EPR provides a detailed assessment of the ground state g-value anisotropy of

S = V2 [2Fc-2S]+ clusters that is determined primarily by distortions from idealised tetrahedral

symmetry at the valence-localised ferrous site (Gibson et al, 1966, Bertrand et al, 1985,

Wcrth et al, 1990). The EPR signal of the dithionite-reduced Fe-S domain of NqrF was

nearly axial with g| ~ 2.020 and gx ~ 1.938 (simulated EPR parameters: gt
=-- 1.933;

g,,
= 1.938; gz

^ 2.018) (Figure 4). Approximately axial S = V2 EPR signals are typical of the

j"2Fe-2S]+ clusters in Adx-likc, Pdx-like and Isc-typc Fds (Mukai et al, 1973; Ta and

Vickery, 1992; Tsibris et al, 1968). In contrast, [2Fc-2S]+ centres of plant-type Fds exhibit

rhombic S ^ 1/2 resonances with gz,y,r ~ 2.05, 1.96, 1.89. The signal of the Fe-S domain was

readily saturated and was optimally detected at 1-25 U.W (12 K.).

Figure 4: EPR spectrum of the reduced

reconstituted Fe-S domain of the NqrF

subunit

The Fe-S domain (90 LiM in 50 mM

Tris/HCl, pFI 7.8) was mixed with

sodium dithionite (1.35 mM) under

anoxic conditions at room temperature
and frozen in liquid nitrogen.
EPR conditions: microwave frequency,
9.47423 GHz; microwave power,

0.025 mW; modulation amplitude,
1.0 mT; temperature, 12 K.

330 340 350 360

Magnetic field [mT]
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The amount of reduced Fc-S cluster in the dithionite-treated Fe-S domain was 38 U.M

according to spin quantitation of the simulated spectrum or approximately 50% of the

expected amount of 2Fc-2S cluster based on the Fe and acid-labile sulphide content.

The EPR spectrum of the soluble variant of NqrF, NqrF', was detected under the same

conditions and displayed the same g-values (Turk et al, 2004), indicating that the

coordination of the FcS centre is very similar in the Fc-S domain and in NqrF. Furthermore,

this demonstrates that NifS-mcdiatcd reconstitution yielded a functional Fe-S cluster

exhibiting the same spectroscopic properties as the Fc-S cluster inserted into NqrF' in vivo.

The EPR properties of the 2Fe-2S cluster in NqrF' and the Fc-S domain differed from

centre I of succinate dehydrogenase (Ackrell et al, 1992), which was shown to be a major

contaminant in purified Na+-NQR rrom V. alginolyticus (NQRVa) (Steuber et al, 2002). The

saturation properties of the EPR signal of the Fe-S domain and NqrF' were different from

EPR signals detected for Fe-S centres in the NQR complexes from Vibrio harveyi (NQRvh)

(Bogachcv et al, 2001) or V. cholerae (NQRVc) (Bogachcv et al, 2001). The EPR signal of

the 2Fe-2S cluster in NqrF' was readily saturated and could not be detected at a microwave

power > 0.002 mW (50 K). In contrast, the Fc-S clusters in NQRvh (Bogachev et al, 2001)

and NQRvc (Barquera et al, 2002a), purified in the presence of oxygen could be detected at

2 mW/ 45 K or 0.2 m\V7 50 K. These discrepancies can be explained by the influence of the

protein environment and/or the presence of oxygen during purification of the Na+-NQRs.

3.4.5 Variable-temperature magnetic CD (VTMCD) spectroscopy

To further characterise the type of ligands to the Fe-S centre in the Fe-S domain, we applied

VTMCD spectroscopy, a complementary approach to EPR for investigating the electronic

properties of S = V2 [2Fc-2S]+ clusters. VTMCD spectroscopy allows to distinguish between

vertebrate- and plant-type [2Fe-2S]' centres (Fu et al, 1992; Thomson et al, 1977) and

provides an exquisitely sensitive probe of the electronic structure of clusters with

paramagnetic ground states. Each electronic transition from a spin degenerate ground state

gives rise to positive or negative absorption-shaped MCD bands that increase in intensity

with decreasing temperature (see Figure 5 as an example), so-called C-terms. The VTMCD

spectrum in the visible region is dominated by sulphur-to-Fe(IIl) charge—transfer transitions

(Fu et al, 1992; Thomson et al, 1977). The MCD spectrum of the Fe-S cluster of the Fe-S

domain of NqrF (Figure 5) exhibits an overall pattern between 280 and 700 nm typical of
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reduced 2Fe-2S proteins (Fu et al, 1992). The positive band at approximately 290 nm and a

negative band at 328 nm arc assigned to Fe(II)-S charge transfer transitions. Between 350 and

525 nm there arc three positive bands at 355, 408 and 464 nm and two negative bands at 375

and 502 nm originating from charge transfer transitions involving the localised-valencc

Fe (III) site. The maximum at 554 nm correlates with a pronounced feature in the

corresponding absorption spectrum and is tentatively assigned to a Fc(II)-Fc(III) intcrvalcncc

transition and the lower energy bands (> 600 nm) are allocated to d-d ligand field transitions.

The pattern of bands in the S-Fe(III) charge transfer region, in particular, is highly conserved

among reduced ferredoxins of the plant- and vertebrate-type or the thiorcdoxin-typc Fd of

C. pasteurianum as well as for the reduced Fe-S domain.
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Figure 5: MCD spectrum of the reduced reconstituted Fc-S domain ofNqrF

The Fc-S domain (0.18 mM in 20 mM Tris/HCl, pH 7.8, 50% glycerol) was reduced with a

1.5 fold excess of sodium dithionitc. The MCD spectra were recorded at 1.8 K (black trace)
and 5.1 K (grey trace) in the presence of a magnetic field of 3 T.

Hence, coordination of the Fc(III) site by two cysteinyl residues can be inferred in all cases on

the basis of the X-ray crystallographic data for plant-type Fds (Bes et al, 1999; Thomson et

al, 1993) and vertebrate-type Fds (Grinberg et al, 2000; Kakuta et al, 2001; Müller et al,

1999; Pikuleva et al, 2000; Sevrioukova et al, 2003). Also the number and sign of the MCD

bands in the Fc(IT)-S charge transfer region is highly conserved among these proteins

suggesting that the localiscd-valcncc Fe(II) site is also coordinated by two cysteinyl residues
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in the Fc-S domain of NqrF. This correlates with the Mössbauer and CD data pointing to a

tetrahedral sulphur coordination of the cluster. The MCD spectrum of the Fe-S domain of

NqrF displays a one-to-one correspondence of positive and negative bands throughout the

UV-visiblc region compared to the spectra of putidaredoxin or Isc-Fd from A vinelandii (Fu

et al, 1992; Mitou et al, 2003). The only struggling feature is the low intensity of the peak at

554 nm compared to the remaining positive peaks. This feature was already observed in the

CD spectrum of the Fc-S domain. Vertebrate-type Fds absorb maximally at this position

around 550 nm. This remains to be clarified.

3.5 Discussion

3.5.1 The ligands of the Fe-S centre of NqrF

In this study, the Fc-S cluster of the NqrF subunit of Na+-NQR from Vibrio cholerae was

unequivocally assigned to the vertebrate-type 2Fc-2S ferredoxins by EPR, CD, and MCD

spectroscopy. In addition Mössbauer, CD and MCD spectra arc consistent with a cluster

exclusively coordinated by cysteine residues. This correlates with the vertebrate-type

Fc-S cluster motif C70-x(5)-C76-x(2)-C79-x(31)-Cl 11 identified by sequence homology

studies. Several other conserved residues of vertebrate-type Fds arc found in NqrF. Among

them is the ß strand from M119-L123, corresponding to M103-V107 in Adx, followed by

PI24 or P108, respectively (Figure 1). P108 was shown to be essential for holding together

the C- and N-terminal regions of Adx (Grinberg and Bernhardt, 1998). Also a basic residue,

arginine, follows the third cysteine ligand in NqrF like in terpredoxin. The corresponding

His56 in Adx was shown to play an essential role in connecting the core and the interaction

domains (Müller et al, 1998). However, the function of these conserved residues in NqrF

remains to be elucidated.

The amino acid residues surrounding CI II match the consensus RLxCQ typical of

vertebrate-type and related ferredoxins, supporting its role as fourth ligand (Figure 1). Apart

from the C70, C76 and C79 in the cluster binding motif and CI 11, four further cysteine

residues arc conserved in NqrF subunits from Vibrio sp.. From the remaining four cysteines

three, namely C258, C373 and C378 (V. cholerae numbering), are involved in the predicted

binding sites of FAD and NADH or located in their close proximity, whereas CI35, even

though placed in a rather untypical sequence environment for vertebrate-type Fds, could
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represent an alternative fourth ligand. C135 is part of an extremely conserved region spanning

from El23 to LI52 in NqrF subunits from species belonging to the genus Vibrio and others

(Kato and Yumoto, 2000). Even though part of this region (W133-L150) is also conserved in

the NqrF subunit of Chlamydia sp., CI35 itself is not found. In Chlamydia trachomatis and

C. pneumoniae, the nqr genes have been identified by sequence homology and nqrA and nqrF

were found to be located separately from the nqrBCDE Operon (Häse and Barquera, 2001).

However, there is no evidence for Na+-NQR activity in Chlamydia, nor for a functional NqrF.

To summarise, CI 11 likely represents the fourth cysteine ligand of the Fe-S centre in NqrF,

but solving the three-dimensional structure of the Fe-S domain of NqrF by X-ray

crystallography or NMR will be needed to unequivocally identify the four cysteinyl ligands.

3.5.2 Redox properties of the Fe-S centre

The Fe-S cluster in NqrF' or its Fe-S domain can only be partially reduced by excess sodium

dithionite (Em 7 (SO3z /S2042 ) = -527 mV), indicating a very negative redox potential of the

Fc-S cluster. The amount of reduced Fe-S cluster in the dithionite-treated Fe-S domain was

38 p.M according to spin quantitation of the simulated EPR spectrum. According to the Fe and

acid-labile sulphide content of the EPR sample, 72 uM 2Fc-2S cluster were expected at most.

Hence, only half of the Fe-S cluster was reduced or treatment with excess dithionite

destroyed approximately 50% of the cluster. The photochemical reduction with the

5-dcazaflavin/oxalate system (Emj = -650 mV) of the Fe-S centre in the Fe-S domain was

successful. Furthermore, the photochemical reduction is less aggressive which implies the

persistence of the Fe-S centre upon treatment as confirmed by UV-visible spectroscopy.

Such low redox potentials are reported for plant-type Fds ranging from -325 mV (Bes et al,

1999) to -440 mV (Stephens et al, 1996), whereas for vertebrate-type Fds of the Adx or Pdx

group they range from -273 mV for Adx to -235 mV for Pdx (Stephens et al, 1996).

Interestingly, redox potentials of the third group of vertebrate-type Fds, the Isc-Fds, arc also

very low, -380 mV for Fdx from E. coli (Knoell and Knappe, 1974) and -344 mV for Fdx

from A. vinelandii (Jung et al, 1999), as well as the Isc-typc related ferredoxin 5 from

A. aeolicus (-390 mV, (Mitou et al, 2003)) sharing 21% identity and 34% similarity with the

Fe—S domain of NqrF (Figure 1).

Although the redox potential of the Fe-S cluster of NqrF is significantly lower than

Em (FAD/FADII2) = -286 mV of the FAD cofactor in the flavin domain of NqrF, the redox
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chain in the Na+-NQR complex begins with the electron transfer from the FAD to the

Fc-S centre on the NqrF subunit (Turk et al, 2004), Note that a Fc-S centre with a relatively

negative redox potential may be located in the middle of a redox chain of oxidoreductases.

The endergonic electron transfer step is overcome by the overall modestly favourable electron

transfer reaction (Page et al, 1999). Electron transfer from NADH via FAD to the

Fc-S cluster is governed by the distance between the redox centres which seems to be

sufficiently short as expected from the homology-based model of NqrF (Turk et al, 2004).

The simulated g-valucs of the EPR spectrum of the Fe-S domain (g^ = 1.933; gv
- 1.938;

gz
= 2.018) were very similar to those detected for the Isc-typc Fd from A. vinelandii

(gv = 1.930, g,,
= 1.939, gz

= 2.021 (Jung et al, 1999)), reflecting a nearly axial symmetry.

However, similarity in relaxation properties of the EPR spectra remains to be shown.

It is tempting to class the Fe-S domain of NqrF close to the Isc-Fd group ofvertebratc-Fds

because of the assumed low redox potential and the similar EPR properties, which would be

the first example of an Isc-Fd-likc domain in a multi-domain redox protein.
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4.1 Abstract

Wc recently showed that the vertebratc-typc 2Fc-2S cluster and the FAD of the Naf-NQR

from Vibrio cholerae reside in the membrane-anchored NqrF subunit. NADH-oxidising

NqrF mediates electron transfer via the FAD and the Fc-S cluster to downstream electron

carriers in Na+-NQR. Here wc report on the purification and crystallization of the flavin

domain of NqrF and on kinetic and redox properties of the flavin domain and NqrF', a soluble

variant of NqrF. Both proteins act as highly efficient NADH dehydrogenases exhibiting

specific activities of up to 35000 ujnol min"1 mg"1 with ubiquinone-1 or menadione as

electron acceptors. Half-maximal activity was observed with 2-^1 p:M NADU. The FAD in

the flavin domain (E„, (FAD/FADII2) = -286 mV) could be completely reduced by NADU or

by the xanthine/xanthine oxidase system. Re-oxidation was achieved by addition of

ubiquinonc-1 after removal of the reductant. The flavin domain devoid of the N-tcrminal

His—tag was crystallised. Yellow hexagonal prismatic shaped crystals were obtained in the

presence of 0.1 M Hepes/NaOH, pH 7.5, 2% PEG 400, 2 M ammonium sulphate, which

diffracted to 6 Â resolution.

4.2 Introduction

In Vibrio cholerae the Na'-translocating NADH:quinone oxidoreductase represents the first

respiratory complex. The Na+-NQR is a flavo-Fc/S membrane protein complex consisting of

six subunits, NqrA-F, and containing one 2Fc-2S cluster, two FMNs, one FAD and

ubiquinone-8 (Barquera et al., 2002a; Barquera et al., 2002b; Hayashi et al, 2001; Nakayama

et al. 2000; Pfenniger-Li et al, 1996). The electron transfer pathway in Na4-NQR starts by a

hydride transfer from the substrate NADU to the non-covalently bound FAD on the NqrF

subunit (Turk et al, 2004). hi addition to the C-tcrminal fcrredoxin-NADP+-reductase

(FNR)-like domain harbouring the FAD cofactor (Carrillo and Ceccarclli, 2003) and the

NADII-binding site, NqrF contains an N-terminal Fe-S domain with the vertebratc-typc

2Fe-2S cluster. This modular structure of NqrF enabled us to produce functional Fe—S and

flavin domains ofNqrF (Turk et al, 2004).

FNR, the prototype of a family of flavoproteins, accepts electrons from ferredoxin and

transfers a hydride to NADP+. The flavin domain of NqrF and NqrF', the soluble variant of

NqrF, act in the reverse direction as NADH dehydrogenase similarly to the ben/oate
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1,2-dioxygenase reductase (Karlsson et ai, 2002), sharing 36% homology with NqrF, and

phthalatc dioxygenase reductase (Gassner et al, 1994), both also containing a FNR-like

domain. The flavin domain of NqrF transfers electrons to artificial acceptors like

ubiquinonc-1 and menadione. The flavin in FNR-like proteins or protein domains can be

stabilised in the one-electron-reduced, protonated, state, forming the so-called blue neutral

flavosemiquinone, absorbing at 580-620 nm (Gassner and Ballou, 1995; Wolfe et al, 2002).

An anionic flavosemiquinone can also be stabilised in flavoproteins (Massey, 1994). Whether

the neutral or the anionic form is formed, depends on the protein environment at the flavin

binding site.

Here we report on the kinetic and redox properties of the flavin domain of NqrF and the

soluble variant of NqrF, NqrF'. An optimised purification protocol for the flavin domain is

presented. The resulting preparation of the flavin domain crystallised readily.

4.3 Materials and Methods

4.3.1 Cultivation of bacteria

V. cholerae 0395 Nl-pFNF8, encoding the flavin domain of NqrF, and V. cholerae 0395

Nl-pNF3, encoding the soluble variant of NqrF, NqrF', were cultivated as described

previously (Turk et al, 2004).

4.3.2 Purification of recombinant NqrF' and its flavin domain

NqrF' and the flavin domain of NqrF were purified as His-tagged proteins as detailed in

(Turk et al, 2004). The flavin domain was susceptible to proteolysis. As a major cleavage

product the flavin domain truncated at the thrombin cleavage site following the N-terminal

His-tag was identified by N-terminal sequencing. The proteolytic degradation of the flavin

domain was probably catalysed by thrombin-likc proteases from V. cholerae. A homology

search using Blastp (Altschul et al, 1990) with bovine thrombin (NP_776302.1) led to the

identification of three gene products from V. cholerae: VC 1649 and VC1200, putative trypsin

proteases, and VCA0803, a putative serine protease. To prevent the unspecific degradation of

the flavin domain, the purification was performed in the presence of 1 mM diisopropyl-

fluorophosphatc (DFP), a serine protease inhibitor.

The expression vector pFNF8 encoding the flavin domain, contains a thrombin cleavage site
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L14 VPRG SI 9 downstream of the His-tag coding region. In some experiments the His-tag

was removed by thrombin digestion. For that purpose, the flavin domain purified by Ni-NTA

affinity chromatography was desalted and the buffer exchanged to 50 mM Tris/HCl, pH 7.5,

0.15 M NaCI, using a NAP 10 gel filtration column (Amersham Pharmacia Biotech). The

protein concentration was adjusted to approximately 1 mg/ml by ultrafiltration (Amicon)

using a membrane with 10 kDa molecular cut-off and CaCl2 was added to a final

concentration of 2.5 mM. Ten units thrombin (Amersham Pharmacia Biotech) per mg protein

were allowed to act on the protein for 2 h at 25 °C. The protein solution was loaded onto the

Ni-NTA column to separate the flavin domain devoid of the His-tag, found in the flow-

through, from uncleaved fusion proteins and the cleaved His-tag, which remained bound to

the column. The contaminating VC2333 gene product was retained by the Ni-NTA material

and therefore was also separated from the flavin domain. The cleavage of the His-tag was

almost complete as judged by matrix-assisted laser absorption ionization-mass spectroscopy

showing a main peak at 32325.99 corresponding to the molecular mass of the apoprotein

without His—tag (32296), a minor peak at 33095.54 corresponding to the molecular mass of

the holoprotein without His-tag (32296 + 785.6 (MFAn) = 33111) and a very weak peak at

33880.82 corresponding to the apoprotein with His—tag (34047).

The flavin domain devoid of the His-tag was further purified using a Mono Q HR5/5 anionic

exchange column connected to an Äkta FPLC station (Amersham Pharmacia Biotech) at 4 °C

in the presence of oxygen. The flavin domain from the flow through of the second Ni-NTA

column was diluted 10-fold in 50 mM Hepes/NaOH, pH 7.0, 0.1 mM DFP was added to

inactivate thrombin and the protein solution was applied onto the Mono Q column. After

washing the column with five bed volumes of 50 mM Hepes/NaOH, pH 7.0, a linear gradient

of 15 column volumes from 0-0.60 M NaCI was applied. The main fraction of the flavin

domain clutcd at 0.28-0.32 M NaCI.

The purification yield from 14 g cells (wet weight) was approximately 9 mg flavin domain

(Table I).

4.3.3 Crystallization screening of the flavin domain

His-tagged flavin domain (9-14 mg/ml in 10 mM Tris/HCl, pH 7.5) was screened with

Crystal Screen 1 (Flampton Research) at 4 °C and 17 °C and Crystal Screen 2 (Hampton

Research) at 9 °C and 17 °C using the sitting drop method. Two pi of His-tagged flavin

domain (9-14 mg/ml in 10 mM Tris/IICl, pH 7.5) were mixed with 2 \i\ reservoir solution and
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equilibrated against 100 pi reservoir solution. For the flavin domain devoid of the His-tag

3 • 96 different crystallization conditions were tested by robotic screening in the nl scale using

the pipetting robot (Zinser Lissy) and the nano-drop crystallization robot (Cartesian

technologies) at 20 °C. The (NH4)2S04 concentration was varied from 15—80% or the

concentration of polyethylene glycol (PEG) 4000 from 5-30% in the presence of 0.2 M

Li2S04 or the concentration of PEG 6000 from 5-30%, respectively.

Table 1: Purification of the flavin domain of NqrF

Nine mg flavin domain were purified from 14 g cell wet weight V. cholerae-pFNFS as

detailed in Materials and Methods. The main peak fraction of the Mono Q column eluted

between 0.295 and 0.310 M NaCI (see also Figure 1A) and the pool of the fringe fractions

comprises fractions eluting at 0.283 - 0.295 M and at 0.310 - 0.371 M NaCI.

purification step protein

ImgJ

NADH

dehydrogenase

activity
[U/mg]

content

[mol/mol protein]

soluble fraction

of the crude extract 1259 n.d.* n.d.*

first Ni-NTA agarose:

eluate 9.7 n.d. n.d.

second Ni-NTA agarose

after removal of the His-

tag: flow through

9.3 n.d. 0.95

MonoQ:

main peak fraction 1.7 35544 1.00

pooled fringe fractions 7.5 n.d. 0.90 ±0.14

total yield 9.2 n.d. n.d.

*For the crude extract neither the FAD content nor the NADH dehydrogenase activity were

determined because V. cholerae contains a variety of NADH-oxidising enzymes and flavoproteins in

addition to the flavin domain encoded by the plasmid, so that those values would not account for the

amount of flavin domain in the crude extract. However, approximately 10% of the total NADH

dehydrogenase activity present in the soluble fraction could be ascribed to the flavin domain.
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The pH gradient in all three grid screens differed over a range from 3.0 to 10.0. In addition,

the Sigma-Fluka Factorial Screen #82009 Crystallization Basic Kit and #70437 Crystalli¬

zation Extension Kit for Proteins were performed. Each drop was prepared by mixing 100 nl

of the protein solution (7 mg ml"1 in 5 mM Tris/HCl, pH 7.5, 0.05 mM DFP) with an equal

amount of the corresponding crystallization solution in the well of the crystallization device,

and was equilibrated by vapour diffusion against 100 pi of the crystallization solution in the

reservoir.

Crystals of the flavin domain of NqrF, devoid of the His-tag, were obtained with 0.1 M

Hepes/NaOH, pll 7.5, 2% PEG 400, 2 M (NH4)2S04 as reservoir solution. A yellow

hexagonal prismatic crystal of approximately 10 u.m diameter grew within 1 week at 20 °C.

For data collection, crystals were frozen in the nitrogen stream. X-ray data were collected

from a single crystal at 90 K using monochromatic synchrotron radiation (k = 0.9184 Â) and a

MarCCD detector at the Swiss Light Source, Paul Schcrrer Institut, Villigen, Switzerland

(Schweizer étal, 2003).

The flavin domain also crystallised in the presence of the reservoir solutions listed in Table 2.

4.3.4 Analytical methods

Protein was determined by the bicinchoninic acid method using the reagent obtained from

Pierce (Smith et al, 1985). BSA served as the standard. The concentrations of NADH

(£340 = 6.22 mM"1 cm"1), ubiquinone-1 (8275 = 13.7 mM"
'
cm

'
in ethanol or z2i5 = 7.8 mM

'

cm
'
in II20; Fato et al, 1996) and FAD (e450= 11300 M

'
cm '; Macheroux, 1999) were

calculated based on their absorption coefficients. The flavin domain contained varying

amounts of FAD (65-95%). Therefore, the concentration of active enzyme was estimated

from the absorbance at 454 nm based on the molar extinction coefficient of free FAD.

SDS-PAGE was performed with 12.5%) Polyacrylamide according to (Schäggcr and Jagow,

1987). Expression of the nqrF constructs was confirmed by Western blotting using an

antibody directed against histidine tags (Tetra-His Antibody, Qiagen).

Non-covalently bound flavins were extracted from protein by TCA precipitation and sub¬

jected to HPLC analysis according to (Gemperli et al, 2002). The flavin content was referred

to the protein concentration, determined for the apoprotein pellet remaining from TCA

precipitation and based on the theoretical extinction coefficient of the apoprotein (e28o (His-

tagged flavin domain) = £2so (flavin domain without His-tag) = 53940 M cm ) or
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by means of the BCA method, yielding identical results. A reliable approximation of the FAD

content was obtained by correlating the FAD concentration estimated from the absorbance at

454 nm to the holoprotcin concentration determined by the BCA method.

NADH dehydrogenase activity was assayed in 20 mM Tris/H2S04, pH 7.5, containing 50 mM

Na2S04 and 50 fig/ml BSA in the presence of 20 or 100 uM NADH and 0.1 mM menadione

or 0.1 mM ubiquinonc-1 (Ql) (Sigma) at 25 °C under oxic conditions. BSA prevents

adsorption and loss of sample at surfaces of reaction tubes or cuvettes.

The reaction was started with NADH and followed at 340 nm using a Cary 50 spectro¬

photometer (Varian) or a UV-3000 dual wavelength/double beam recording spectrophoto¬

meter (Shimadzu).

The dependence of the NADH oxidation rates on the NADH concentration was recorded

using a dual wavelength/double beam recording spectrophotometer (UV-3000, Shimadzu)

operating in the dual wavelength mode at 340-370 nm (Chance, 1954). Prior to activity

assays NqrF" and the flavin domain were diluted to an appropriate concentration in 20 mM

Tris/H2S04, pll 7.5, supplemented with 1 mg/ml BSA. During the activity measurements

diluted NqrF' was kept on ice under exclusion of oxygen.

4.3.5 Redox studies on NqrF' and its flavin domain

Reduction and rc-oxidation of NqrF' and its flavin domain was followed spectro-

photomctrically under exclusion of oxygen in rubber-sealed cuvettes. NADH, sodium

dithionite or Ql were added in the anaerobic chamber or with gas-tight syringes. The

midpoint potential of the FAD of the flavin domain was determined by the xanthine/xanthine

oxidase method (Massey, 1990) using 10-20 uM phcnosafranine (Em = -266 mV, pH 7.5,

n
- 2; Clark, 1960; Hunt et al, 1993) as suitable redox indicator. Benzyl viologcn

(Em = -359 mV, pH 7.5, n = 2; Clark, 1960) and methyl viologcn (Em = -440 mV, pH 7.5,

n = 2; Clark, 1960) were used as redox mediators at final concentrations of 1.8 pM each.

Absorbance values at 404 nm, where the phenosafranine ox/red couple has an isosbestic point,

were used to monitor the extent of reduction of the FAD cofactor. The apparent absorbance at

404 nm was corrected for the constant contribution of phenosafranine. Absorbance values at

518 nm, corrected by the constant contribution of the flavin domain, were used to monitor the

redox state of the indicator dye. The redox behaviour of the protein-bound FAD and

phenosafranine (PS) can be described by the Ncmst equation, when the two systems are at
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equilibrium. The Nernst equation was rearranged as plot of In ([FAD]/[FADH2]) versus

In ([PS]()X/([PS]rcd) (Eql).

In
\-OX\

_

ZFAiy (p _p \ i
ZFAD i„f \PX\

til
—

\ PS FAD ) r 1

red\)FAD RT zps {[red\)ps
(Eql)

The number of electrons accepted by the FAD cofactor was determined from the slope ZMiL

-rs

of the line (Nernst coefficient) and the difference between the Em values of the FAD cofactor

z F { \

and the indicator dye was calculated from FAD

\EPS - FF4D ), the vertical intercept of the
RT

line. The validity of this method was verified in a separate experiment by the determination of

the redox potential office FAD using PS as redox indicator and 1.8 uM benzyl viologcn as

mediator.

Reducing agents like NADH or the reducing xanthine/xanthine oxidase system, were

separated from the flavin domain by anionic exchange chromatography. The reduction

mixtures were diluted 10-fold in 50 mM Tris/IICl, pH 7.5, and applied onto a Fractogcl TSK

DEAE-650 column (3 ml) in the anaerobic chamber. The flavin domain was elutcd with

buffer containing 0.3 M NaCI. Inspection by UV-visible spectroscopy revealed that

approximately 70% of the flavin domain remained in the two-electron-reduccd state after

removal of the rcductants, as judged from the amount of Ql required for complete re-

oxidation.

4.4 Results

4.4.1 Optimised purification of the flavin domain of NqrF

The His-tagged flavin domain was produced in Vibrio cholerae because the His-tagged

fusion protein was not detectable by anti-tetra His antibodies in cell extracts, when

Escherichia coli was used as expression host. Presumably, this was due to proteolytic

degradation, which was also observed in V. cholerae, but to a lower extent. To prevent the

proteolytic degradation of the flavin domain, it was purified in the presence of the serine

protease inhibitor diisopropylfluorophosphate (DFP). The His-tagged flavin domain elutcd

from the Ni-NTA column at rather low imidazole concentrations, preventing stringent

washing.
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Figure 1: Purification of the flavin domain

(A) Purification of the flavin domain devoid of the N-tcrminal His-tag by anionic exchange

chromatography on a Mono Q column. Absorbance values (A2ao: solid line, A450: dashed line)
were determined from appropriate dilutions of the peak fractions. The extrapolated
absorbance of undiluted fractions is plotted. (B) Coomassic-stained SDS-PAGE: 1. His-

tagged flavin domain: cluatc from the first Ni-NTA agarose chromatography step prior to

thrombin treatment, 10 ug; 2. flavin domain, devoid of the His—tag: flow-through from the

second Ni-NTA agarose chromatography step after thrombin treatment, 50 ug; 3.-7.: flavin

domain eluate from the Mono Q column, 3. fraction cluting at 0.283-0.295 M NaCI, 9 ug; 4.

main fraction cluting at 0.295-0.310 M NaCI, 7 ug; 5.-6.: fractions eluting at 0.310-0.340 M

NaCI (15 ug or 38 pg, respectively) and 7. fraction cluting at 0.356-0.371 M NaCI, 17 ug.

A major contaminant identified in preparations of the flavin domain were the VC2333 gene

product, encoding a ribosomal protein S6 modification protein-like protein (Figure IB), and

another protein running just below the 25 kDa marker protein. After removal of the His-tag
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by thrombin cleavage and subsequent Ni-NTA chromatography the contaminating proteins

were retained by the Ni-NTA agarose and the flavin domain was found in the flow through

(Figure IB). These flavin domain preparations devoid of the His-tag were used for

crystallization screens.

4.4.2 Kinetics of the NADH dehydrogenase activity of the flavin domain and

NqrF'

Both NqrF' and the flavin domain exhibited high NADH dehydrogenase activities with Ql or

menadione as an artificial electron acceptor, respectively, depending on the FAD content of

the enzyme specimens (Turk et al, 2004). The specific activity of freshly prepared flavin

domain could be as high as 35000 u.mol min"1 mg"1; enzyme solutions stored in liquid

nitrogen lost about 40%o of the activity. The NADH activity of the flavin domain had a broad

pH optimum ranging from 7.3 to 8.3 and was reduced three-fold at pH 6.0. At pFT values

higher than 8.5 precipitation of the flavin domain was observed. The activation of enzymatic

activity with increasing concentrations of NADH was very similar for NqrF' and the flavin

domain, with half-maximal activities observed in the presence of 2^4 uJVl NADH (Figure 2).

<

"5

0 255 10 15

NADH [rxM]

Figure 2: Dependence of NADH dehydrogenase activity of the flavin domain and NqrF' on

the concentration of NADH

The oxidation of NADU by the flavin domain (circles, left ordinate) or NqrF' (squares, right

ordinate) was followed under aerobic conditions with 100 uJVl Ql as electron acceptor.
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The saturation kinetics could not be satisfactorily described by the Michaelis Menton

formalism. This could indicate a more sophisticated enzymatic mechanism, but an under¬

estimation of enzymatic activities at very low NADH concentrations should also be

considered. Further kinetic experiments will be required to clarify this issue.

A characteristic property of the Na'-NQR is its inhibition by silver ions. Ag+ releases non-

covalently bound FAD from the Na-NQR complex and from its NADU dehydrogenase

fragment, a sub-complex, consisting of NqrA, NqrC and NqrF (Nakayama et al, 1998), thus

preventing the initial oxidation of NADII (Steuber et al, 1997). Tn support of this view, we

observed inhibition of the flavin domain by Ag+-ions, with half-maximal inactivation in the

presence of 670 nM Ag' (Figure 3).

Ag+ [\M]

Figure 3: Inhibition of the flavin domain of the NqrF subunit by Ag

The NADII dehydrogenase activity of the flavin domain (0.16 uM) was determined in

chloride-free buffer to prevent the precipitation of Ag' as AgCl. Menadione was used as

electron acceptor.

4.4.3 Redox properties of the FAD cofactor in the flavin domain and NqrF'

The flavin domain exhibited an optical spectrum typical of oxidised flavoproteins with

characteristic maxima at 396 and 454 nm and a shoulder at 480 nm (Figure 4A). No increase

in absorbance in the region from 300-500 nm was observed upon addition of Ql under

exclusion of oxygen, indicating that the flavin domain was isolated in the oxidised state.
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NqrF' showed additional peaks at 340 nm and a shoulder at 540 nm ascribed to its

Fc-S cluster (Turk et al, 2004). Addition of excess NADII (73 uM) to the FAD domain

(30 uJVl) resulted in the complete reduction of the FAD cofactor (Figure 4B) and no radicals

were detected in the as isolated flavin domain or in the flavin domain treated with an excess

of NADH by EPR spectroscopy, indicating that the flavin domain did not stabilise

flavosemiquinones in the oxidised or in the fully reduced state, respectively. Formation of a

blue neutral flavosemiquinone observed during reduction by NADH (Figure 4A) was due to

comporportionation reactions between fully oxidised and fully reduced flavin domain species.
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Figure 4: Visible absorp¬

tion spectra of the flavin

domain of the NqrF

subunit

Reduction of the flavin

domain was followed in

10 mM Tris/HCl, pH 7.5,

0.3 M NaCI under

exclusion of oxygen.

(A) Solid line, as isolated

B (oxidised) flavin domain

(14 U.M); dashed line,

partially reduced flavin

domain 5 min after

addition of 10 U.M NADH.

(B) Solid line, as isolated

(oxidised) flavin domain

(30 uJVl); dashed line, fully
reduced flavin domain

after addition of 73 p:M
NADH.
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Reduction of the flavin domain was reversible, as NADH-rcduccd flavin domain was readily

re-oxidised by Ql after removal of NADH (Figure 5). In contrast, NqrF' stabilised a blue

neutral flavosemiquinone upon treatment with excess NADH, since the hydride transfer to the

FAD was followed by a one-electron transfer step resulting in the reduction of the

2Fc-2S cluster as shown by EPR studies (Turk et al, 2004).
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Figure 5: Re-oxidation of the FAD on the flavin domain with ubiquinone-1

The flavin domain (0.45 p.M) was reduced by the xanthine/xanthine oxidase system (solid

line) and was separated from the compounds in the redox potential determination assay by

anionic exchange chromatography in the anaerobic chamber. Ql stock solution (10 plM in

ethanol) was subsequently added in 1-5 pi aliquots to the concentrations given in the legend.

Optical spectra were recorded every 5-15 min after each addition to allow the system to reach

an equilibrium.

The flavin domain was prone to precipitation in the presence of excess of reducing agents like

dithionitc or NADII. Reduction of the flavin domain without precipitation was achieved by

means of the xanthine/xanthine oxidase system (Massey, 1990). This system was also applied

to determine the midpoint redox potential of the FAD in the flavin domain by comparison

with a suitable redox indicator dye (phcnosafranine) of known midpoint potential. The redox

state of FAD was monitored at 404 nm where the phenosafranine (PS) redox couple has an

isosbestic point, while the redox state of phcnosafranine was monitored at 518 nm (Figure 6,

upper panel). When the two systems, FAD0x/FADred and PSox/PSrcd, are in equilibrium,

rearrangement of the Nernst equations gives the Nernst coefficient z^^- from the slope of the

ZPS

line ln([FADJ/[FADH2]) versus ln(PSox/PSred) (Eql). Using the two-electron donor

phenosafranine as redox indicator, a theoretical Nernst coefficient of 1.0 is expected if the
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FAD in the flavin domain undergoes two-electron reduction. A Nernst coefficient of 1.33 was

obtained for the FAD in the flavin domain (Figure 6, lower panel), indicating that the FAD

acted as two-electron acceptor during the redox titration. The vertical intercept of the line

gives the difference between the midpoint potentials of the FAD and the indicator dye. An

overall redox midpoint potential Em (FAD/FADH2) = -286 ±17 mV was determined for the

FAD in the flavin domain of the NqrF subunit.
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Figure 6: Determination of the

midpoint redox potential of the

FAD in the flavin domain

The standard reduction potential
was determined with the

xanthine oxidase/xanthine

system in 100 mM Tris/HCl,

pll 7.5, using phenosafranine
(PS) as redox indicator

(/i,„ = - 266 mV at pH 7.5). The

redox state of FAD or

phenosafranine was monitored

at 404 or 518 nm, respectively

(indicated by arrows, upper

panel). The Nernst coefficient

was determined from the slope
of ln(FAD0X/FADrcJ) versus

ln(PS0X/PSred) (lower panel).
The difference between the E,„

of the FAD in the flavin domain

and the Em of phenosafranine
was calculated from the vertical

intercept of the line.
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A redox titration of the FAD in NqrF' using phcnosafranine as indicator dye revealed a Nernst

coefficient of 0.33. Presumably, the FAD in NqrF' did not undergo complete two-electron

reduction (Nernst coefficient = 1.0), nor complete one-electron reduction (Nernst coefficient

= 0.5) under conditions where full reduction of the FAD in the flavin domain was observed.

Thus the E,„ (FAD/FADH2) or Em (FAD/F1II) in NqrF' is expected to be lower than

E,„ (xanthine/urate) = -350 mV at pll 7 for the xanthine/xanthine oxidase system (Massey,

1990). Accordingly, NqrF' retained a slightly yellow colour after treatment with the



88 FAD domain ofNa'-NQR

xanthine/xanthine oxidase system, which points to only partial reduction of the FAD cofactor

in NqrF'. Hence, the FAD in NqrF' has a significantly more negative overall midpoint

potential than the FAD in the flavin domain.

4.4.4 Crystallization of the flavin domain of NqrF

The purified flavin domain of NqrF was stable in the presence of oxygen. The oxygen-

sensitive Fe-S cluster on NqrF' and its Fe-S domain was rapidly degraded upon exposure to

air (Turk et al, 2004). Therefore, first crystallization trials were performed with the flavin

domain using the sitting drop method in the presence of oxygen.

His-tagged flavin domain (10-14 mg/ml) did not crystallise under any of the conditions

(Crystal screen 1 and 2, Hampton Research) tested at 4 °C or 17 °C. After removal of the

TTis—tag by thrombin cleavage and subsequent purification steps described above (4.3.2), the

flavin domain, now devoid of the His-tag, crystallised at 20 °C under six out of 288

conditions, which are listed together with the corresponding crystal shape in Table 2. All

crystals were yellow, indicating the presence of the non-covalently bound FAD cofactor. The

hexagonal prismatic crystal found after one week with 0.1 M Hepes/NaOH, pH 7.5, 2% PEG

400, 2 M (NII4)2S04, in the reservoir, showed a diffraction pattern, typical of crystallised

protein with a resolution of 6 Â (Figure 7). Preliminary analysis of the diffraction pattern

points to the presence of two molecules flavin domain per unit cell. The rather low resolution

is probably caused by the small size of the crystal (diameter of the hexagon: 10 u:m, length not

determined). A minimal size of at least 20 x 20 x 20 pirn is necessary to determine the

structure of a macromolcculc (McPhcrson, 1999). The crystallization of the flavin domain is

now to be reproduced and refined.
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Table 2: Crystallization of the flavin domain of NqrF

The flavin domain was purified and the His-tag removed as described in Material and Methods.

Mono Q fractions cluting at 283-0.295 M and 0.310-0.325 M NaCI were pooled and concentrated to

7 mg protein per ml in 5 mM Tris/HCl, pH 7.5, 0.5 mM DFP. Crystal pictures are not to scale.

reservoir solution incubation

time

2 M (NH4)2S04 24 h IIP

MÊ
lÉltl
llllïi

0.1 M MES, pH 6

30%, PEG 4000

0.2 M Li2S04

7 days
IflliPllIII

lÉÉIÈ

0.1 M Hepes/NaOH, pH 7.5

2% PEG 400

2M(NH4)2S04

7 days

0.1 M MES, pH 6.5

1.8M(NH4)2S04

0.01 MC0CI7

3 weeks

0.1 M MOPS/NaOH, pH 7

10% PEG 6000
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Figure 7: Diffraction pattern of

the hexagonal prismatic crystal

of the flavin domain of NqrF

The resolution was 6 A and two

molecules were present per unit

cell. Water rings, indicated by

arrows, are visible because of

suboptimal freezing conditions.

4.5 Discussion

4.5.1 Initial NADH oxidation of the Na+-NQR catalysed by the NqrF subunit

NqrF', a soluble variant of the NqrF subunit of the Na+-NQR from V. cholerae, and its

functional flavin domain have been used to study initial NADH oxidation by the complex.

The NADH dehydrogenase activity was followed using artificial electron acceptors like Ql or

menadione. NqrF' and its flavin domain exhibited a high affinity to NADII with half

maximal activity obtained in the range of 2-A uM NADH and a specific activity of

approximately 20000 ujnol min
' rag1, measured for samples stored in liquid nitrogen,

corresponding to a turnover number of 15000 s"1 at 25 °C. Both proteins can therefore be

regarded as highly efficient enzymes. For some efficient enzymes, the rate-determining step

for this parameter, which is the apparent second-order rate constant for the reaction of free

enzyme with free substrate, is close to the diffusion-controlled encounter of the enzyme and

the substrate (Fcrsht, 1999). In principle, a catalyst can increase its efficiency to approximate

that of diffusion-controlled processes, that is, reactions whose rate-limiting steps arc the

diffusion of reagents to the active site. Several enzymes, such as carbonic anhydrase or

trioscphosphate isomcrasc, arc close to that upper limit with turnover numbers of 1 x 10 s

(Kcrnohan et al, 1963) or 4.3 x 103 s"1 (Putman et al, 1972), respectively.

However, a Na+-independcnt initial rate of NADH oxidation of 150 s
'

at 3.5 °C was

observed with the Na+-NQR complex from Vibrio harveyi by Verkhovsky and
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co-workers (Bogachev et al, 2002). Assuming that rising the temperature by 10 K leads to

doubling of the activity, one would expect at least 600 s"1 at 25 °C, which is extremely low

compared to 15000 s"1 at 25 °C determined for NqrF' and the flavin domain. There are two

possible explanations for this discrepancy:

First, differences in the experimental set-up could be made responsible: The kinetic

measurements by Verkhovsky and co-workers were not carried out in the presence of bovine

serum albumin (BSA), so that maybe loss of enzyme by adhesion to surfaces of reaction tubes

and cuvettes led to underestimation of the activity. Without the addition of BSA to the assay

the flavin domain and NqrF' exhibited activities of up to 1000 U, corresponding to a turnover

number of 750 s"1 at 25 °C.

Second, the high turnover numbers of the flavin domain and NqrF' compared to the

Na -NQR could be due to rate-limiting steps in the complex. Rate-limiting steps could be the

association of NADH to the enzyme with a different accessibility to the NqrF subunit

compared to Na+-NQR or product release of the quinol from hydrophobic subunits of the

complex. Thus the extraordinary high NADH dehydrogenase activity might not reflect the

situation in the entire Na+-NQR complex. This remains to be elucidated by further kinetic

studies on a sub-complex, consisting of NqrA, NqrC and NqrF, found upon purification of

Na+-NQR, and the entire Na+-NQR complex.

4.5.2 Differences in redox properties of the FAD cofactor in the flavin domain

and NqrF'

An overall redox midpoint potential Em (FAD/FADH2) = -286 ± 17 mV was determined for

the FAD in the flavin domain of the NqrF subunit which is close to Em (NAD+/NADH) =

-320 mV. In NqrF', the redox potential of the FAD cofactor seems to be lower. The three-

dimensional homology model ofNqrF (Turk et al, 2004) and the fact, that the Fe-S cluster in

NqrF' is not accessible to NifS-mediated reconstitution (see Chapter 3), suggests that the

FAD cofactor on the flavin domain is shielded from the solvent by the Fe-S domain arranged

in close proximity, thus enhancing electron transfer. One could speculate that in the isolated

flavin domain, the environment of the FAD cofactor differs from the binding site in NqrF.

This provides a rationale for the observed difference of redox properties of the FAD cofactor

in the flavin domain compared to NqrF'.
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4.5.3 Crystallization of the flavin domain of NqrF

Attempts to crystallise His-tagged flavin domain failed. Possibly, the His-tag hampered

crystallization because of its flexible structure. Also, protein concentration of 14 mg/ml in

previous crystallization assays, compared to 7 mg/ml used for the successful crystallization

with the flavin domain devoid of the His-tag, might have been too elevated, as assumed by

precipitation of the protein in almost 90%> of the conditions. A third reason might be the

presence of minor amounts of at least two contaminating proteins in preparations of

His-tagged flavin domain (Figure IB, lane 1). Upon removal of the His-tag by thrombin

cleavage and a subsequent Ni-NTA agarose purification step, the flavin domain was

successfully crystallised. The flavin domain and NqrF' show almost identical kinetic

properties and spectroscopic features derived from the FAD cofactor. Consequently, the

individual flavin domain seems to be folded essentially in the same way like the flavin

domain in NqrF'. Therefore, solving the structure of the flavin domain will clearly contribute

to determine the structure of the Na+-NQR complex.



FAD domain ofNa+-NQR 93

4.6 References

Altsehul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, DJ. (1990) Basic local alignment

search tool. J. Mol Biol 215: 403-410.

Barquera, B., Hellwig, P., Zhou, W., Morgan, J.E., Häse, C.C, Gosink, K.K., Nilges, M., Bruesehoff,

P.J., Roth, A., Lancaster, CR., and Gennis, R.B. (2002a) Purification and characterization of the

recombinant Na+-translocating NADH:quinone oxidoreductase from Vibrio cholerae.

Biochemistry 41: 3781-3789.

Barquera, B., Zhou, W., Morgan, J.E., and Gennis, R.B. (2002b) Riboflavin is a component of the

Na+ -pumping NADH-quinone oxidoreductase from Vibrio cholerae. Proc. Natl. Sei. U.S.A. 99:

10322-10324.

Bogachev, A.V., Bertsova, Y.V., Ruuge, E.K., Wikström, M., and Verkhovsky, M.I. (2002) Kinetics

of the spectral changes during reduction of the Na+-motive NADH: quinone oxidoreductase

from Vibrio harveyi. Biochim. Biophys. Acta 1556: 113-120.

Carrillo, N., and Ceccarelli, E.A. (2003) Open questions in ferredoxin-NADP+ reductase catalytic

mechanism. Eur. J. Biochem. 270: 1900-1915.

Chance, B. (1954) Spectrophotometry of intracellular respiratory pigments. Science 120: 767-775.

Clark, W.M. (1960) Oxidation-reduction potentials of organic systems. Baltimore: Williams and

Wilkins Co.

Fato, R., Estornell, E., Bernardo, S.D., Pallotti, F., Castelli, G.P., and Lenaz, G. (1996) Steady-state

kinetics of the reduction of coenzyme Q analogs by complex I (NADH:ubiquinone

oxidoreductase) in bovine heart mitochondria and submitochondrial particles. Biochemistry 35:

2705-2716.

Fersht, A. (1999) Structure and mechanism in protein science. New York: W. H. Freeman and

Company.

Gassner, G., Wang, L., Batie, C, and Ballou, D.P. (1994) Reaction of phthalate dioxygenase reductase

with NADH and NAD+: kinetic and spectral characterization of intermediates. Biochemistry 33:

12184-12193.

Gassner, G.T., and Ballou, D.P. (1995) Preparation and characterization of a truncated form of

phthalate dioxygenase reductase that lacks an iron-sulfur domain. Biochemistry 34: 13460-

13471.

Gemperli, A.C., Dimroth, P., and Steuber, J. (2002) The respiratory complex I (NDH I) from

Klebsiella pneumoniae, a sodium pump, J. Biol. Chem. 277: 33811-33817.

Goa, J. (1953) A miero-biuret method for protein determination: determination of total protein in

cerebrospinal fluid. Scand. J. Clin. Lab. Invest. 5: 219-222.



94 FAD domain ofNa+-NQR

Hayashi, M., Nakayama, Y., Yasui, M., Maeda, M., Furuishi, K., and Unemoto, T. (2001) FMN is

covalently attached to a threonine residue in the NqrB and NqrC subunits of

Na+-translocating NADH-quinone reductase from Vibrio alginolyticus. FEBS Lett. 488: 5-8.

Hunt, J., Massey, V., Dunham, W.R., and Sands, R.H. (1993) Redox potentials of milk xanthine

dehydrogenase. Room temperature measurement of the FAD and 2Fe/2S center potentials.

J. Biol Chem. 268: 18685-18691.

Karlsson, A., Beharry, Z.M., Matthew Eby, D., Coulter, E.D., Neidle, EX., Kurtz, D.M., Jr., Eklund,

H,, and Ramaswamy, S. (2002) X-ray crystal structure of benzoate 1,2-dioxygenase reductase

from Acinetobacter sp. strain ADP1. J. Mol Biol. 318: 261-272.

Kemohan, J.C, Forrest, W.W., and Roughton, F.J, (1963) The activity of concentrated solutions of

carbonic anhydrase. Biochim. Biophys. Acta 67: 31-41.

Macheroux, P. (1999) UV-Visible spectroscopy as a tool to study flavoproteins. In Flavoprotein

protocols. Chapman, S.K. and Reid, G.A. (eds). Totowa, New Jersey: Humana Press, pp. 1-8.

Massey, V. (1990) A simple method for the determination of redox potentials. In Flavins and

flavoproteins: proceedings of the tenth international symposium on flavins andflavoproteins.

Curti, B., Ronchi, S and Zanetti, G. (ed). Berlin: Walter de Gruyter and Co., pp. 59-66.

Massey, V. (1994) Activation of molecular oxygen by flavins and flavoproteins. J. Biol Chem. 269:

22459-22462.

McPherson, A., (1999) Crystallization ofbiological macromolecules: Cold Spring Harbor Laboratory

Press.

Nakayama, Y., Yasui, M., Sugahara, K., Hayashi, M., and Unemoto, T. (2000) Covalently bound

flavin in the NqrB and NqrC subunits of Na+ -translocating NADH-quinone reductase from

Vibrio alginolyticus. FEBS Lett. 474: 165-168.

Nakayama, Y., Hayashi, M., and Unemoto, T. (1998) Identification of six subunits constituting

Na+—translocating NADH-quinone reductase from the marine Vibrio alginolyticus. FEBS Lett.

All: 240-242.

Pfenninger-Li, X.D., Albracht, S.P.J., van Beizen, R., and Dimroth, P. (1996) The NADH:ubiquinone

oxidoreductase of Vibrio alginolyticus: purification, properties and reconstitution of the

Na+ pump. Biochemistry 35: 6233-6242.

Putman, S.J., Coulson, A.F., Farley, I.R., Riddleston, B., and Knowles, J.R. (1972) Specificity and

kinetics of triose phosphate isomerase from chicken muscle. Biochem. J. 129: 301-310.

Schägger, H., and von Jagow, G. (1987) Tricine-sodium dodecyl sulfate-polyacrylamide gel

electrophoresis for the separation of proteins in the range from 1 to 100 kDa. Anal. Biochem.

166:368-379.

Schweizer, A., Briand, C, and Griitter, M.G. (2003) Crystal structure of caspase-2, apical initiator of

the intrinsic apoptotic pathway. J. Biol. Chem. 278: 42441-42447.



FAD domain ofNa+-NQR 95

Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., Gartner, F.H., Provenzano, M.D., Fujimoto,

E.K., Goeke, N.M., Olson, B.J., and Klenk, D.C (1985) Measurement of protein using

bicinchoninic acid. Anal Biochem. 150: 76-85.

Steuber, J., Krebs, W., and Dimroth, P. (1997) The Na+-translocating NADH:ubiquinone

oxidoreductase from Vibrio alginolyticus: redox states of the FAD prosthetic group and

mechanism of Ag+ inhibition. Eur. J. Biochem. 249: 770-776.

Turk, K., Puhar, A., Neese, F., Bill, E., Fritz, G., and Steuber, J. (2004) NADH oxidation by the

Na+-translocating NADH:quinone oxidoreductase from Vibrio cholerae: functional role of the

NqrF subunit. J. Biol. Chem. 279: 21349-21355.

Wolfe, M.D., Altier, D.J., Stubna, A., Popescu, C.V., Münck, E., and Lipscomb, J.D. (2002) Benzoate

1,2-dioxygenase from Pseudomonas putida: single turnover kinetics and regulation of a two-

component Rieske dioxygenase. Biochemistry 41: 9611-9626.



96 General Discussion

Chapter 5: General Discussion

5.1 Principles of electron transfer

Long-range electron transfer within and between proteins is fundamental to respiration,

photosynthesis, and redox reactions of metabolism. The internal electron transfer in redox

complexes from the electron donating substrate to the electron accepting substrate is

performed by cascades of different redox cofactors, thus as redox-active metals, flavins or

quinones.

Electron transfer (ET) reactions are kinetically complex processes that may require several

reaction steps, including protein-protein interactions in intermolecular electron transfer

systems, protein rearrangements and conformational changes, chemical transformations such

as proton transfer, found for intra- and intermolecular electron transfer processes, and the

actual electron transfer event. ET reactions are non-adiabatic, i.e. the reaction involves

excited electronic states in contrast to adiabatic reactions which evolve on only the electronic

ground state. There are three principal parameters which determine intraprotein ET rates:

edge-to-edge distance, free energy and reorganization energy (Moser and Dutton, 1992).

The ET rate ksr can be described by the following equation (Marcus and Sutin, 1985):

4n2H
k =

'- "** e-(AtfW4Mr (Eql)ET

hJ\lMr

The term (AG0 + Â)2I4Â describes the activation free energy for the reaction where AG0 is the

driving force determined from the redox potential difference for the ET reaction and X is the

reorganization energy, the energy needed to deform the nuclear configuration from the

reactant to the product state prior to ET. #Ab is the electronic coupling between reactants and

products in the transition state and determines the degree of non-adiabicity (i.e., probability

of the reaction occurring in the transition state). Eql can be simplified by replacing the

? 2

quotient — **-
-

,
the so-called probability term, as done in Eq2:

hyfÂtâRT

hET = k0 exp[~ ß{r - r0 )]exp|- (a<7° + âJ 14ÂRT (Eq2)
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The characteristic frequency of the nuclei is k0 (approximately 1013 s '). It is the maximum

rate, when electron donor and acceptor are in van der Waals contact and A = -AG0. The

distance between the donor- and acceptor redox centres is r, and r0 is the close contact

distance (3 Â). The parameter ß is related to the nature of the intervening medium with

respect to its efficiency to mediate ET. Average Rvalues of 0.7-1.4 Â"1 have been proposed

for use in analysing protein ET reactions (Moser et al, 1992). Other terms in Eqs 1 and 2 are

Planck's constant (h), the gas constant (R) and temperature (7).

An important question of debate in current ET models is whether it is really appropriate to use

a single average Rvalue (/?= 1.4 ± 0.2 Â"1 (Page et al, 1999)) to describe the intervening

medium between redox centres. Common assumptions are that the rate of long-distance ET in

proteins rapidly decreases with distance, which is indicative of an electron tunnelling process

and that electron tunnelling between covalently bridged redox centres in synthetic systems,

here protein medium, is clearly much faster (ß =0.9 Â"1 (Smalley, 1995)) than tunnelling

through vacuum (ßvaries from 2.8 Â"1 (Moser et al, 1992) to 3.5 Â"1 (Beratan et al, 1992)).

Page et al, (1999) suggest that the distance of 14 Â or less between redox centres alone is

sufficient to allow tunnelling of electrons at rates far faster than the substrate redox reactions

it supports and conclude that there has been no necessity for proteins to evolve optimised

routes between redox centres. In contrast to this concept, Beratan and co-workers developed a

tunnelling pathway model (Beratan et al, 1991), which distinguishes covalent bonds,

hydrogen bonds and through-space contacts with decreasing contributions to the ET rate. A

disadvantage of this concept is that strong restrictions on the protein secondary structure

between redox cofactors would be required.

5.1.1 The redox potential

The redox potential of a compound is defined as the electrochemical potential, at which the

compound is present in equal amounts in its oxidised and reduced state. The free energy of the

reaction (AG0) is directly related to the difference in reduction potentials of the partners (AE°)

through the equation: AG0 = -nFAE0, where n is the number of electrons involved and F is the

Faraday constant. The redox potential depends on pH, temperature and ionic strength. The

protein environment determines the redox potential of the harboured cofactor. The factors that

could be responsible for the differences in redox potentials of proteins, especially between

various ferredoxins include (1) the hydrogen bond network in the vicinity of the cluster,
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particularly to the iron ligands (Adman et al, 1975; Langen et al, 1992), (2) cluster solvent

exposure (Bertrand et al, 1995), (3) the charged side chains of residues and their distribution

over the molecule (Langen et al, 1992), and (4) hydrophobicity of the metal environment

(Kassner, 1972). However, the relative contribution of each of these factors to the redox

potential of iron-sulphur proteins remains to be established for most of the cases. Especially

the influence of the hydrogen bond network and of the hydrophobicity of the protein

environment (Babini et al, 1999; Kyritsis et al, 1998) is still a matter of debate (Grinberg et

al, 2000). For Azotobacter vinelandii Ferredoxin I, a large increase in E0' was suggested to

result from the introduction of positive charge due to protonation of a histidine (Chen et al,

2002).

In flavoproteins, the protein environment can modify the redox potential of the bound flavin

in three ways: (1) through donating or accepting H-bonding to the pyrazine and pyrimidine

ring and to N(5), (2) by suitable placement of charge proximal to flavin ring positions that

develop a charge on one- or two-electron reduction; the charges can be positive or negative,

thus stabilising or destabilising the (transient) species, and (3) by insertion of (parts of) the

flavin ring(s) into environments of varying dielectric (hydrophobic/ hydrophilic), which can

have similar effects (Edmondson and Ghisla, 1999).

In ET chains unfavourable redox potential jumps are tolerated as long as the overall reaction

is exergonic (Ohnishi et al, 2000; Page et al, 1999). From equation 2 it is obvious that the

distance between two redox centres strongly contributes to the rate of ET. This is in

accordance with experimental observations of ET between closely arranged redox centres

despite a positive AG0 '

calculated from the corresponding standard redox potentials (Page et

al, 1999).

5.2 Electron transfer in Na+-NQR

The electron transfer in Na+-NQR is driven by the overall exergonic redox reaction with

NADH (E°'(NAD+/NADH) = -320 mV) as electron donor and ubiquinone as electron

acceptor (^'(QVQHi) = +40 mV) with a calculated AG0 = -69.5 kJ/mol.

The pathway of electron flow in Na+-NQR and its coupling to Na+ translocation is far from

being understood. The elucidation of the mechanism of Na+-NQR is complicated by the wide

range of redox cofactors comprising one FAD, two FMNs, one riboflavin, one Fe-S cluster

and enzyme—bound ubiquinone-8.
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First, the initial steps of electron transfer on NqrF will be discussed in detail in comparison to

other flavc—Fe/S proteins with homology to ferredoxin-NADP+-reductase (FNR) (5.2.1).

Second, the models of electron transfer proposed previously for the Na+-NQR complex will

be outlined. Hereby, the quality of the underlying Na+-NQR preparations with respect to

cofactor content and redox states is an important aspect (5.2.2). Finally, a putative order of the

cofactors in electron flow is proposed for Na+-NQR which is based on our data obtained for

NqrF, the composition of sub-complexes found during purification, and on electron pathways

from redox complexes with similar cofactor composition (5.2.3).

5.2.1 NAD(P)H — flavin —> Fe/S-cluster: a common electron transfer motif in

flavo-Fe/S proteins harbouring a ferredoxin-NADP+-reductase (FNR)-

like domain

For the NqrF subunit of Na+-NQR a modular structure is predicted, comprising a C-terminal

ferredoxin-NADP+-reductase (FNR)-like domain (Carrillo and Ceccarelli, 2003) harbouring

the FAD cofactor and the NADH-binding site, and an N-terminal Fe-S domain with the

vertebrate-type 2Fe-2S cluster (Figure Id, (Turk et al, 2004)). The same modular

composition is found in benzoate 1,2-dioxygenase reductase BenC (Figure lc, (Karlsson et

al, 2002)), sharing 36%» homology with NqrF, which was used to model the structure of

NqrF. Further examples for a similar modular structure are phthalate dioxygenase reductase

(PDR) (Figure lb, (Correll et al, 1992)) and non-covalent Ferredoxin-FNR complexes

(Figure la, (Kurisu et al, 2001)). BenC contains FAD and a NADH-binding site in the

C-terminal and a plant-type 2Fe-2S cluster in the N-terminal domain analogous to NqrF,

whereas in phthalate dioxygenase reductase, the NADH-binding site in the central part is

flanked by a C-terminal ferredoxin (Fd) domain and an N-terminal FMN domain.

The overall folds of the corresponding domains in PDR, BenC and Fd-FNR complex are very

similar and so are the relative positions and distances of the cofactors (Figure 1). There is a

difference in positioning of the ferredoxin between the non-covalent complexes and the

dioxygenase reductases where the ferredoxin domain is tilted in such a way that there is space

left for binding of the terminal dioxygenase. In PDR, this space is found between the

ferredoxin domain and the NADH-binding domain (Figure lb), while in BenC the different

position ofthe ferredoxin domain leaves a cleft on the other side, closer to the flavin-binding

domain (Figure la).
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Such a cleft would also be required in NqrF which is expected to contact the NqrC or/and

NqrA subunit in the NQR complex as was observed for the NADH dehydrogenase fragment

ofNQR, composed of NqrA, NqrC and NqrF (Nakayama et al, 1998). Transient Ferredoxin-

FNR complexes lack this open space (Figure la), because they dissociate after electron

transfer has taken place and hence there is no need to provide access to a third protein. The

position of the ferredoxin domain is thus variable, but constrained by the requirement for

efficient electron transfer between the flavin cofactor and the 2Fe-2S centre which is located

in a loop on the surface of the ferredoxin domain and has to be directed towards the flavin in

BenC, PDR and the non-covalent Fd-FNR complexes. This fold is also likely for NqrF,

because in folded NqrF' the Fe-S cluster binding site ofNqrF seemed not to be accessible for

NifS-mediated in vitro reconstitution of the Fe-S centre. In agreement with this observation,

the distance between Fel of the 2Fe-2S centre and the 8-CH3 of the FMN in PDR is 7.2 Â

(Correll et al, 1992), 9.1 Â between the 8-CH3 of FAD and Fel in BenC (Karlsson et al,

2002), and 6.0 Â between the 8-CH3 of FAD and Fel in the Fd-FNR complex (Kurisu et al,

2001). For NqrF, a distance of 9 Â is predicted by the homology model. The Fel atom is the

redox active site of the cluster, and these distances are sufficiently close for direct electron

transfer through space between the two prosthetic groups.

Further common mechanistic characteristics of these FNR-like proteins are reflected by the

transient formation of blue neutral flavosemiquinone (Gassner and Ballou, 1995; Wolfe et al,

2002) and the binding mode of NAD(P)H. Productive binding of NAD(P)H to this family of

enzymes implies interactions between the nicotinamide moiety of the substrate and the

isoalloxazine ring of the flavin. This can only be achieved by a displacement of the aromatic

residue at the C terminus, which displays a stacking interaction with the isoalloxazine ring.

This aromatic residue is Phe225 in PDR (Correll et al, 1992), Phe335 in BenC (Karlsson et

al, 2002) and a tyrosine in photosynthetic FNRs (Bruns and Karplus, 1995; Karplus et al,

1991). In NqrF, Phe406 is expected to play this role.

These shared properties of flavo-Fe/S-protefns with a FNR-like domain are indicative of a

common electron transfer pathway, which starts by the oxidation ofNADH in NqrF, PDR and

BenC, whereas it is inversed in the Fd-FNR complex, which accepts electrons from

ferredoxin and transfers a hydride to NADP+. The prototype of this common electron transfer

has been investigated in detail for PDR. The initial step is a hydride transfer from the nicotin¬

amide ring of NADH to the isoalloxazine ring of the flavin, thus forming a NAD+-FMNH2

complex (Correll et al, 1992). This is followed by a one-electron transfer from the

two-electron-reduced flavin to the oxidised 2Fe-2S centre, which has been suggested to be
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gated by the release ofNAD+ (Gassner et al, 1994; Gassner and Ballou, 1995; Gassner et al,

1995), leading to a complex where the [2Fe-2S] centre is reduced and the flavin forms a

neutral flavosemiquinone. This electron transfer is thought to take place via the C8 methyl

group on the isoalloxazine ring of the flavin (Morales et al, 2000).

This electron transfer model is in agreement with our studies of the NqrF subunit of

Na+-NQR. The putative NAD+-FADH2 charge transfer complex was not observed on NqrF'

or the flavin domain, but possibly during reduction of the Na+-NQR complex from

V. alginolyticus (Steuber et al, 1997). The oxidation ofNADH is very rapid in NqrF' (Turk et

al, 2004). Consequently, the charge transfer complex probably disappears rapidly due to the

high rate of re-oxidation of the FADH2 with the artificial electron acceptor ubiquinone-1.

Hints on the mode ofNADH oxidation of NqrF can be deduced from kinetic observations for

FNR: The NADP+ reduction, the forward reaction catalysed by FNR, follows a compulsory

ordered pathway (Batie and Kamin, 1984), whereas for the reverse reaction in FNR, which is

the rule in NqrF, a double displacement mechanism is proposed (Carrillo and Ceccarelli,

2003). For NqrF, as the Fe-S domain is fused to the FNR-like domain, an ordered pathway

can be envisaged, in which NADH and the artificial electron acceptor bind to the enzyme

before the first product is formed (sequential reaction). Sequential mechanisms are called

ordered if the substrates combine with the enzyme and the products dissociate in an obligatory

order (Fersht, 1999).

Complete reduction of the Fe—S cluster of the Fe-S domain of NqrF was only achieved

photochemically with the 5-deazaflavin/oxalate system (Em - -650 mV), but not by an excess

of dithionite. In NqrF', the Fe-S cluster could only partially be reduced by excess NADH, but

completely with dithionite. Thus, it can be concluded that the redox potential of the

Fe-S domain is significantly lower than the Em (FAD/FADH2) = -286 mV for the FAD in the

flavin domain of NqrF. However, electron transfer chains in oxidoreductases tolerate such

endergonic steps, provided that the overall redox potential of the oxidoreductase reaction is

favourable (Dutton et al, 1998; Ohnishi et al, 2000; Page et al, 1999). Nevertheless, the

influence of the protein surroundings in the Na+-NQR complex on the redox potential of the

Fe-S cluster has to be taken into account. In the Na+-NQR from V. harveyi (NQRvh), the

midpoint potential of the Fe-S cluster was determined using the NAD+/NADH redox couple

in the presence of lactate dehydrogenase and varying lactate/pyruvate ratios (Bogachev et al,

2001). Only a fraction of the cluster could be reduced by NADH and exhibited a midpoint

potential ofEm = -267 mV (n = 1). Full reduction of the Fe-S cluster in the NQRvh complex
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was only achieved after adding dithionite (Bogachev et al, 2001), as observed with the

Fe-S cluster in NqrF' from V. cholerae.

5.2.2 Proposals for an electron transfer pathway in Na+-NQR

A recently proposed mechanism of Na+-NQR involves the formation of two one-electron-

reduced flavin species: a neutral and an anionic flavosemiquinone. Na+-NQR isolated from

V. alginolyticus and V. harveyi (Bogachev et al, 2001) or overproduced in V. cholerae

(Barquera et al, 2002a) contains a radical signal that can be observed by EPR. For

V. cholerae this "intrinsic" radical was identified as a blue neutral flavosemiquinone radical

and an anionic flavosemiquinone was detected in the reduced state ofNa+-NQR (Barquera et

al, 2003). The neutral and anionic forms of the radical may each arise from a different flavin

cofactor or both forms of the radical signal may arise from a single, extremely stable, flavin

semiquinone, which becomes deprotonated upon reduction of the enzyme. Only few proteins,

e.g. glucose oxidase, exhibit flavin radicals which can exist in both, neutral and anionic,

forms. To explain this, it has been suggested that hydrogen bonding of N(5) to a histidine

group occurs (Müller et al, 1970).

Bogachev and co-workers (2002) assigned three phases to the reduction of Na+-NQR with

NADH by stopped flow measurements (Figure 2): I. a Na+-independent fast hydride transfer

from NADH to FAD, II. a Na+-dependent one-electron reduction of a neutral

flavosemiquinone, provided by a FMN in the enzyme in its isolated state, to give a

flavohydroquinone, and III. a Na+-dependent one-electron reduction of a second flavin,

ascribed to one of the two FMNs, resulting in the formation of the anionic flavosemiquinone.

This sequence lacks a two- to one- electron transfer step connecting phase I to the subsequent

phases and does not involve the Fe-S cluster or the enzyme-bound ubiquinone-8. Hence, this

time course of NQR reduction does not seem to reflect the complete electron transfer chain.

Our data obtained with the NqrF subunit strongly suggest the participation of the Fe-S cluster

in electron transfer ofNa+-NQR providing the two-to-one electron step.

A redox titration of the Na+-NQR complex from V. cholerae, purified in the presence of air,

with NADH revealed the presence of one n = 1 component and three « = 2 components

(Barquera et al, 2002a). The authors attributed the one-electron event (Em = -292 mV) to the

reduction of the 2Fe-2S centre and the three two-electron events with midpoint potentials of

-257, -187 and -127 mV to three flavins. As there are possibly four flavins in Na+-NQR, one



104 General Discussion

of them seems to be redox inactive or only undergoes a one—electron reduction. This could be

the case for one of the two FMNs or the non-covalent riboflavin, the recently described fourth

flavin ofNa+-NQR (Barquera et al, 2002b).

Figure 2: Scheme of proposed redox events in the Na+-NQR during the enzyme reduction by

NADH (adapted from (Bogachev et al, 2002))

This scheme, proposed by Bogachev and co-workers (2002), is based on stopped flow optical
spectroscopy and includes three flavin cofactors, whereas no role is assigned to the Fe-S

centre, ubiquinone-8 or the riboflavin which might also be a cofactor ofNa+-NQR (Barquera
et al, 2002b). The starting point of the reduction is the enzyme in its resting state after

purification, observed to stabilise a neutral flavosemiquinone (Bogachev et al, 2001). The

initial NADH oxidation is a Na+-independent step, while the reduction of the resting neutral

flavosemiquinone to the hydroquinone and the transition of the second FMN to the anionic

flavosemiquinone, observed in the enzyme in its reduced state, are stimulated by Na+.

For the FAD of the flavin domain ofNqrF an Em (FAD/FADH2) = -286 mV was found (Turk

et al, 2004), which could, considering changes of the redox potential with the protein

environment, roughly correspond to the -257 mV step observed for the complex. The n = 1

component could also represent the reduction of the "intrinsic" neutral flavosemiquinone prior

to the three observed two-electron transfer steps. However, these three two- and one one-

electron steps cannot account for the whole redox chain in Na+-NQR. The reduction of the

neutral flavosemiquinone to hydroquinone and the reduction of a flavin to the anionic

flavosemiquinone are two one-electron steps. Hence, at least one more one-electron transfer

step, assigned to the flavins, should occur with additional one-electron steps including the

Fe-S cluster and the ubiquinone-8 cofactor.

The reason why in both approaches no role for the Fe-S centre was shown, might be its

sensitivity towards oxygen, which we observed for the Fe-S cluster on NqrF' and its Fe-S

domain (Turk et al, 2004). In all these former studies, the enzyme complex was purified in

the presence of oxygen, so that (part of) the Fe-S cluster might have been destroyed by

oxidative damage. Oxidative stress is created in aerobic organisms when molecular oxygen
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chemically oxidises redox enzymes, forming highly reactive superoxide (O2 ") and hydrogen

peroxide (H202).

Intriguingly, Na+-NQR contains a neutral flavosemiquinone radical in its resting state after

purification. A radical observed in the presence of oxygen in an enzyme in its resting state

reflects an undefined redox state. The one-electron-reduced form of flavins is usually not

stable in the absence of any reductant. For free FAD, disproportionation of the radical to a

mixture of oxidised and fully reduced flavin is favoured. Most flavoprotein radicals are rather

stable under anaerobic conditions but rapidly react with molecular oxygen (Massey, 1994).

While near stoichiometric concentrations of flavin radicals have been found in many

flavoprotein systems, the flavin radical species is usually not intrinsic to the system but must

be generated by photoreduction or chemical reduction of the resting form and readily

disappears upon re-oxidation of the protein (Massey and Palmer, 1966). It is therefore rather

unlikely to isolate an enzyme containing a stable radical in the presence of oxygen. One of the

few exceptions is the neutral flavosemiquinone radical in E. coli DNA photolyase (Jörns et

al, 1984), where a rather hydrophobic protein environment contributes to stability of the

neutral flavosemiquinone radical (Raibekas and Jörns, 1994).

Hence, the question arises where the electron accepted by a flavin ofNa+-NQR to generate a

neutral flavosemiquinone comes from. It is possible that Na+-NQR becomes partially reduced

by NADH prior to purification. Alternatively, as the enzyme was purified in the presence of

oxygen, an oxidative damage can be envisaged.

Another open question is which of the four flavins in Na+-NQR harbour the flavo¬

semiquinones. The soluble variant of NqrF, NqrF', and its flavin domain did not contain a

flavosemiquinone radical upon purification in the absence of oxygen, but the FAD cofactor

was present in its fully oxidised state, and the flavosemiquinone was only transiently formed

in the presence of reductant (Turk et al, 2004). Therefore, the observed radical probably

originates from one of the FMN cofactors on NqrB or NqrC, respectively, or riboflavin. The

localization of the riboflavin in the complex is not known, but it is not attached to the NqrF

subunit and unlikely to reside on the NqrC and NqrB subunits, which each contain one cova¬

lently bound FMN, because, so far, no example for a single polypeptide chain harbouring two

flavin cofactors was found. NqrA, D and E are possible candidates for riboflavin binding. In

contrast to FMN and FAD, riboflavin has never been reported to function as a redox cofactor.

We suggest a putative mechanism of Na+-NQR, starting with a fully oxidised enzyme

(Figure 3). The mechanistic model involves the participation of all cofactors apart from the

riboflavin, which was regarded as the redox-inactive flavin.
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Figure 3: Putative mechanism ofNa+-NQR

The sequence of cofactors in the putative electron transfer pathway was deduced from the

composition of sub-complexes found during purification: NqrA/C/F (Nakayama et al, 1998)
and NqrA/B/C/F (Hayashi and Unemoto, 1984), and experimental data obtained with NqrF

(Turk et al, 2004).
The model starts from a completely oxidised enzyme and shows one cycle of catalysis. The

individual steps of the electron pathway via the cofactors from NADH to ubiquinone-8 (Q8)
are depicted. The non-covalently bound ubiquinone-8 is proposed to reside on NqrB

(Hayashi et al, 2002). It is either relatively loosely bound and can interchange electrons with

the quinone pool or is a quinoid cofactor, which transfers electrons to the substrate quinone
but does not dissociate from the enzyme. As only three of the four flavins were reported to be

redox-active (Barquera et al, 2002a), it was assumed that the non-covalently bound

riboflavin ofunknown localization on the enzyme was not redox-active and was therefore not

included in the scheme. An anionic flavosemiquinone was proposed to participate in

Na+ translocation (Barquera et al, 2003; Bogachev et al, 2002). As this scenario requires the

localization of the involved flavin cofactor in a rather hydrophobic environment, this role was

ascribed to the FMN on NqrB. Here the Na+ ion forms an ion pair with the anionic radical, but

an indirect coupling of the formation of the anionic flavosemiquinone and the uptake of Na+

ions from the cytoplasm can also be envisaged. As a Na+/e~ stoichiometry of 1:1 was shown

for the Na+-NQR from V. alginolyticus (Bogachev et al, 1997), two subsequent
Na+ translocation steps are depicted. Note, that the transient formation of fully reduced FMN

(FMNH2) on NqrC (IV—^V) and on NqrB (VI—»VII), respectively, is omitted for clarity.
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The first electron transfer steps on NqrF (I—III) were confirmed by experimental data (Turk et

al, 2004) and are highly conserved among related proteins (Figure 1, 5.2.1). The Fe-S cluster

further transfers electrons to the FMN on NqrC (III—IV), transiently generating a neutral

flavosemiquinone. NqrA, NqrC and NqrF were found to form a sub-complex during

purification (Nakayama et al, 1998). The inverse sequence of redox cofactors FMN-

[2Fe-2S]-FAD-NAD+ in electron transfer has been reported for the B-form of

dihydroorotate dehydrogenase from Lactococcus lactis (Rowland et al, 2000), consisting of a

FNR-Fd-like and a second FMN-harbouring sub-complex. A flavin-[Fe-S]-flavin motif is

often found in flavo-[Fe-S] protein complexes acting with NAD(P)H as electron donor and

having two-electron acceptors as substrate, like glutamate synthase (Ravasio et al, 2001). It

has to be mentioned that NADH oxidation by the NqrA/C/F or NqrA/B/C/F sub-complexes

probably only involves the FAD cofactor, as the flavin domain and the soluble variant of

NqrF exhibit similar NADH dehydrogenase activities. An interflavin electron transfer step

follows from the FMN on NqrC to the FMN on NqrB, which forms an anionic

flavosemiquinone radical, suggested to participate in Na+ translocation (see 5.3). The

enzyme-bound ubiquinone-8 is proposed to be the last electron acceptor in the electron

pathway, since it is likely to interact with the FMN, also localised on NqrB (Hayashi et al,

2002). The reduction of ubiquinone-8 to ubiquinol-8 is expected to proceed via two

cooperative one-electron transfer steps. The ubisemiqufnone radical has not been

unequivocally detected so far, maybe because these steps can be very rapid as shown for

DT-diaphorase. DT-diaphorase acts as NAD(P)H:quinone acceptor oxidoreductase,

representing a FAD protein that catalyses the two-electron reduction of quinones and quinoid

compounds to hydroquinones, using either NADH or NADPH as the electron donor, thus

keeping the quinol pool reduced (Chen et al, 2000).

5.3 Na+ translocation by Na+-NQR

The site and mechanism of Na+ translocation in Na+-NQR are still unclear. So far,

Na+ transport has only been studied with the Na+-NQR from V. alginolyticus, reconstituted

into liposomes (Pfenninger-Li et al, 1996). Studies with the sodium ionophore NJV-

dibenzyl-ÄyV-diphenyl-l,2-phenylene diacetamide (ETH-157) revealed, that proteo-

liposomes containing the complex of V. cholerae were able to generate a membrane potential

which was interpreted to be the result of the sodium gradient created by the redox activity of
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the enzyme (Barquera et al, 2002a). By indirect measurements with whole cells of

V. alginolyticus a Na+/e" stoichiometry of 1:1 has been proposed (Bogachev et al, 1997).

Whereas NADH oxidation by Na+-NQR is Na+-independent (Pfenninger-Li et al, 1996;

Bogachev et al, 2001), quinone reductase activity, catalysing the ubiquinone-1 reduction to

quinol (QH2) with NADH as the electron donor, is stimulated by Na+ ions (Barquera et al,

2002a; Hayashi and Unemoto, 1984; Pfenninger-Li et al, 1996; Unemoto and Hayashi,

1979). Consequently, Na+-dependent steps must occur downstream of the initial hydride

transfer in the electron transfer pathway.

In general, two basic types of mechanism for proton or Na+ ion translocation arc

distinguished: directly redox-linked pumping, proposed for cytochrome c oxidase (Michel,

1999), or indirect conformational energy transfer, as described for adenosine triphosphate

(ATP) synthase (Abrahams et al, 1994; Dimroth et al, 2003). A third type of translocation

mechanism is the redox-linked ligand conduction mechanism, e.g. the Q-cycle found in

cytochrome bei complex (Brandt and Trumpower, 1994). A Q-cycle can be excluded for

Na+-translocating NADH:quinone oxidoreductases like Na+-NQR and complex I from

Klebsiella pneumoniae since only H+ but not Na+ can be transported across the membrane by

diffusion of the proton carrier QH2. For complex I, scenarios of a directly redox-linked

translocation mechanism were longtime favoured, as it contains a large number of redox

prosthetic groups, some of which having a pH-dependent midpoint potential (Brandt, 1997).

In mitochondrial complex I, the Fe-S cluster N2 and the PSST and 49 kDa subunits were

identified as key players in ubiquinone reduction and proton pumping (Magnitsky et al,

2002; Ohnishi, 1998). However, recent structural studies indicate that the 49-kDa subunit of

this "catalytic core" region of complex I is clearly separated from the membrane rather

suggesting an indirect mechanism of proton pumping by redox-driven conformational energy

transfer (Zickermann et al, 2003).

Scenarios for direct Na+ translocation were also proposed for Na+-NQR (Steuber, 2001),

(Barquera et al, 2003; Bogachev et al, 2002). Those models involve a central redox cofactor

that accepts a Na+ ion from the negative side of the membrane upon reduction. During

re-oxidation of the cofactor, the Na+ ion is pushed to the positive side of the membrane,

thereby generating an electrochemical potential. This concept is based on the electroneutrality

principle that states that a negative charge generated in an environment of low dielectric

strength is compensated by the uptake of a positive charge (Rich et al, 1995).

This requires the central cofactors to be placed in a hydrophobic environment. Whereas this

role was longtime ascribed to the ubiquinone-8 of Na+-NQR (Steuber, 2001), recent models
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suggest that a flavosemiquinone radical assumes this function (Barquera et al, 2003;

Bogachev et al, 2002). Two types of flavosemiquinones were reported: the neutral

flavosemiquinone present in the resting state of the enzyme, which is stable even in the

presence of oxygen (see above), and the anionic flavosemiquinone in the reduced state. But

up to now no ubisemiquinone radical was unequivocally identified during reduction of

Na'-NQR by NADH, either because the appropriate EPR conditions for detection of this

radical have not been found, or because the transient state of ubisemiquinone radical

formation disappears too fast to be followed. Bogachev and co-workers (2002) identified

three phases for the reduction of Na+-NQR with NADH by stopped flow measurements

(Figure 2), in which step 2 and 3, involving the one-electron reduction of a neutral

flavosemiquinone and a one-electron reduction of a second flavin, are ascribed to the two

FMNs. They suggested that in the third phase, the anionic flavosemiquinone radical could be

charge-compensated by a Na+ ion. This electrostatic interaction with a positive charge would

explain the stabilization of the anionic flavosemiquinone. But, as mentioned above, this

scenario is only possible in a hydrophobic environment, which is rarely found for flavin

cofactors (5.2.2). If there was a Na+-binding site, it should be accessible from the cytoplasm,

and a selectivity filter would be required to exclusively channel Na+ ions (and not protons) to

the flavosemiquinone. The putative localization of flavin cofactors in hydrophobic parts of the

Na+-NQR is discussed below.

5.3.1 Does NqrB play a central role in Na+ translocation?

As the FAD cofactor on NqrF and the FMN cofactor on NqrC are localised in the cytoplasmic

core of the corresponding subunits in a hydrophilic environment and do not form an anionic

flavosemiquinone, the FMN on the hydrophobic NqrB subunit or the riboflavin could play a

role in directly redox-linked NaT translocation mechanism. Furthermore, FMN-containing

NqrB has been identified as substrate quinone- or enzyme-bound quinone-binding subunit

by mutagenesis and inhibitor studies (Hayashi et al, 2002). Thus, the NqrB subunit would be

interesting for both scenarios of direct Na+ translocation mechanism, involving either the

ubiquinone-8 or the FMN.

The FMN is covalently bound to NqrB via a threonine residue (Thr235, V. cholerae

numbering). From topology predictions by the programme TopPred II (von Heijne, 1992) this

threonine is probably located in the relatively hydrophobic cytoplasmic loop following the
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second transmembrane segment (assuming the start of the amino acid sequence of NqrB with

Metl3 and not at the erroneously assigned Metl according to (Heidelberg et al, 2000)).

HQNO and korormicin, a Q-mimicking inhibitor and an antibiotic isolated from

Pseudoaltermomonas sp. F—420, are purely non-competitive inhibitors for Ql, with

overlapping binding sites on NqrB, thus abolishing the Na+-dependent Q reduction of

Na+-NQRs (Nakayama, 1999). Glyl40 was identified to be critical for quinone-binding by

inhibitor-studies with korormicin (Hayashi et al, 2002). Glyl40 is located at the end of the

second transmembrane helix supposed to be close to the periplasmic site. As this residue is

only conserved among 11 species and not conserved in all NQR sequences found up to now,

it seems not to be directly involved in quinone-binding, rather it allows korormicin somehow

to access the Q-binding site and block it. In agreement with this hypothesis, a putative

quinone-binding site is found in the cytoplasmic loop between the first and the second

predicted membrane-spanning fragment of NqrB from V. cholerae. The sequence stretch

96AGNWHYWL103 matches the A/L/I-X3-H-X2-3-L consensus, deduced from the QB type

of triads in the DI proteins of photosystem II and PsaA of photosystem I at the expected

binding region for the phylloquinone cofactors (Rich and Fisher, 1999). However, this

putative binding site is not conserved. In V. alginolyticus the SGNWHYWL motif still

matches the SX3HX2L consensus for quinone-binding sites, whereas in Haemophilus

influenzae NDWHYAL does not correspond to any characterised quinone-binding site.

It seems likely, that the FMN and/or the quinone reside in a sufficiently hydrophobic

environment on NqrB to be involved in direct Na+ ion translocation. But the question remains,

how Na+ ions access this hydrophobic environment.

In complex I, the NuoL subunit might provide the channel for Na+ translocation as the

C-terminally truncated NuoL subunit from E. coli catalyses Na+/H+ antiport (Steuber, 2003).

No homology to Na+ channels or antiporters were found for any of the subunits ofNa -NQR,

which points to a different mode ofNa+ channelling.

5.3.2 Subunits involved in Na+ translocation: hints from comparison of

Na+-NQR with the RNF (Rhodobacter Nitrogen Fixation) complex

Regardless of the mechanism ofNa+ translocation, the involved subunits should reside at least

partially in the membrane, which excludes NqrA, the only hydrophilic subunit ofNa+-NQR.

The so-called NADH dehydrogenase fragment, consisting of NqrA, NqrC and NqrF is
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defective in quinone reduction and Na+ translocation, indicating that further subunits are

essential for Na+ pumping and that this process is linked to quinone reduction, as assumed

from the stimulation of quinone reductase activity ofNQR by Na+ ions.

Interestingly, subunits NqrB-E are homologous to RnfD, RnfG, RnfE, RnfA, respectively,

subunits of the RNF (Rhodobacter Nitrogen Fixation) complex encoded by the rnfABCDGEH

operon in Rhodobacter capsulatus (Jouanneau et al, 1998). The rnf gene products are

required for the function of both nitrogenases in R. capsulatus, presumably being involved in

electron transport to nitrogenase (Schmehl et al, 1993). In addition to effects on the transfer

of electrons to nitrogenase, a second role, namely implication in regulation via the NifL

oxidation state, is suggested for Rnf proteins (Desnoues et al, 2003). Similar genes have been

found in many non-nitrogen-fixating organisms, including Pseudomonas aeruginosa,

H. influenzae, E. coli (Jouanneau et al, 1998; Kumagai et al, 1997) and V. cholerae

(VC1012-1017, Heidelberg et al, 2000). The RNF complex likely represents a novel family

of energy-coupling NADH oxidoreductases. A RNF-related complex from Clostridium

tetanomorphum, termed NADH:ferredoxin oxidoreductase (Nib) (approximately 180 kDa),

which consists of six subunits, harbouring three flavins and five Fe-S cluster was shown to

function as a Na+ pump in the electron transport chain hydrogen-hydrogenase-ferredoxin-

Nfo-NAD+, thus functioning to provide reduced ferredoxin needed for hydrogen formation,

nitrogen fixation and further processes in the organism (Boiangiu et al, 2004).

As both complexes share the capability to pump Na+ ions, it is tempting to assume that the

homologous subunits are involved in Na+ translocation. Figure 4 compares the Nar-NQR

from V. cholerae with RNF from R. capsulatus, which has been object of intense studies. The

nqrD and nqrE gene products from V. cholerae share sequence similarity with RnfE (30%>)

and RnfA (38%), respectively, and with each other (21.7% for RrifA/RnfB and 20% for

NqrD/NqrE). RnfD and NqrB are both predicted to be very hydrophobic, harbouring at least

seven transmembrane helices and sharing 19%» sequence identity. The hydropathy profiles of

RnfB and NqrC with 18%» sequence identity reveal the presence of an N-terminal membrane

anchor (Schmehl et al, 1993). The threonine residue to which the FMN is bound on NqrB

and NqrC is not conserved in RnfD (Hayashi et al, 2001; Nakayama et al, 2000).

Nevertheless, for C. tetanomorphum a covalently bound FAD was suggested to reside on

RnfD. In RnfG the amino acid motif preceding T183 (DQFSGAT) matches the canonical

DGXSGAT-motif, suggesting a covalently bound FMN on RnfG. However, the flavin found

on RnfG of C. tetanomorphum was a covalently bound FAD (Boiangiu et al, 2004).
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Figure 3: Comparison of subunits NqrB-E of the Na+-NQR from V. cholerae with rnf gene

products from Rhodobacter capsulatus

Homologous subunits are shown as pairs in the middle of the figure, non-homologous
subunits of NQR on top and subunits of RNF below. The degree of homology is given in

percentage identity. Transmembrane regions, predicted by the TopPred II software (von
Heijne, 1992) are shown as black boxes. The length of the polypeptides is given in brackets.

Predicted binding sites for flavin and NADH are highlighted by chequered and cross-striped
boxes, respectively. Each set of C* indicates cysteines, putatively coordinating one 2Fe-2S

cluster; sets of C or C" designate putative 4Fe-4S cluster ligands. The threonine residues to

which FMN is covalently bound in NqrB or NqrC, respectively, are displayed. Such a

FMN-binding motif is conserved in RnfG, but not in RnfD.

(Accession numbers: Q9KPS1-Q9KPS2 (NqrA, NqrB), Q9X4Q45-Q9X4Q48 (NqrC-F) and

Q07394 (RnfB), Q52716 (RnfC), Q52715 (RnfD), Q07396 (RnfA) P97054 (RnfG), P97055

(RnfE) and P97056 (RnfH))

Further cofactors of the RNF complex are localised on the non-homologous subunits. RnfB

(25 kDa) contains one 2Fe-2S cluster (Jeong and Jouanneau, 2000). However, in addition, it

harbours binding motifs for two 4Fe-^lS cluster. RnfC (55 kDa) contains at least one Fc-S

cluster (Jeong and Jouanneau, 2000), most likely ofthe 4Fe-4S type, and a binding motif for a

second 4Fe^lS cluster is present (Kumagai et al, 1997). RnfB and RnfC are both tightly

bound to the membrane despite their hydrophilic character (Kumagai et al, 1997). RnfG" is

predicted to contain a ßaß-fold likely to bind NADH and, possibly, a FMN-binding site, thus
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probably being the functional counterpart of NqrF (Kumagai et al, 1997). A quinoid cofactor

has not been reported for the RNF complex.

Thus the RNF complex, like NQR, seems to contain three flavins, but at least three

Fe-S clusters in contrast to the single 2Fe-2S cluster present on Na'-NQR. The cofactor

composition of both complexes differs dramatically, indicating that various electron transfer

pathways can be linked to a similar mechanism of Na4 translocation. A common direct

Na* translocation mechanism based on a flavin as central cofactor can be imagined, because

the highly hydrophobic subunits NqrB and RnfD each contain one FMN or FAD,

respectively. This would support the implication of the FMN on NqrB in Na+ translocation.

Furthermore, the membrane-bound subunits NqrD/E and RnfE/A could represent part of the

common Na+ translocation machinery. It remains now to be shown if the flavin cofactor on

NqrB and RnfD is located in a hydrophobic environment and if it directly participates in

Na* translocation by stabilising the Na+ ion with an anionic flavosemiquinone radical and

how Na"1" is channelled to that location.

5.4 Outlook

In order to elucidate the entire electron transfer pathway ofNa+-NQR, it will be necessary to

characterise the redox properties of all cofactors, including ubiquinone-8 and riboflavin, and

obtain information on their localization in the complex. The study of sub-complexes, like

NqrA/C/F, which could be obtained by mixing the individually purified subunits, with

spectroscopic and electrochemical methods will allow exploring the electron transfer between

cofactors.

The characterization of the NqrF subunit will be completed by determining the redox potential

of the FAD in NqrF', the soluble variant of NqrF, and of the Fe-S cluster in the Fe-S domain

and in NqrF', and by confirming the distance between the cofactors predicted by the

homology-based model, by structural studies of NqrF'. The refinement of the crystallization

of the flavin domain ofNqrF and subsequent determination of the three-dimensional structure

will help to solve the structure of NqrF'. To address the sub-stoichiometric content of the

Fe-S cluster in NqrF', which was not accessible to NifS-mediated in vitro reconstitution, a

co-expression of the nqrF'-construct is planned with the isc gene cluster, encoding the Fe-S

cluster assembly machinery, e.g. from E. coli (Takahashi and Nakamura, 1999). This

approach will also be applied to the overexpression of the entire nqr operon in V. cholerae.
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The overproduced Na -NQR complex will then be purified under exclusion of oxygen,

providing a functional enzyme for further catalytic, electron transfer and Na+-translocation

studies.

The putative Na+ translocation mechanism of the Na+-NQR outlined herein implies an

anionic flavosemiquinone in a hydrophobic environment. As the highly hydrophobic NqrB

subunit contains FMN, its characterization will be of special interest. The expression of nqrB

failed in E. coli or V. cholerae; therefore, production in Halobacterium salinarum (Turner et

al, 1999) or Saccharomyces cerevisiae could be envisaged.
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Materials and Methods

V. cholerae 0395 Nl (Mekalanos, 1983) and V. cholerae 0395 Nl (nqrC::Tnbla) (Häse and

Mekalanos, 1999) were cultivated aerobically in Luria-Bertani (LB) medium supplemented

with 10 mM glucose in the presence of 50 ug ml"1 streptomycin at 37°C. For maintenance of

the Tnbla cassette insertion in nqrC in V. cholerae 0395 Nl (nqrC::Tnbla), 100 pg ml-1

ampicillin were added to the medium. 2 1 culture were inoculated with 50 ml preculture.

Bacteria were grown for 6-8 h, harvested by centrifugation and resuspended in 10 ml 10 mM

Hepes/KOH, pH 7.5, 0.2 M K2SO4, 10% glycerol, frozen in liquid nitrogen and stored until

use at -80 °C.

Membranes vesicles were prepared under exclusion of oxygen. Prior to use all solutions were

thoroughly degassed and purged with N2 followed by equilibration in a Coy glove box

(95% N2/5% H2) at least over night (02 < 0.3 uM in buffers). V. cholerae 0395 Nl cells

(11 g wet weight ) or V. cholerae 0395 Nl(nqrC::Tnbla) cells (8 g wet weight) were

resuspended in 25 ml 10 mM Hepes/KOH, pH 7.5,0.2 M K2S04, 5 mM MgCl2 and traces of

DNase I (Roche Diagnostics). The cell suspension was passed once through a French pressure

cell at 83 mPa, and the eluate was collected under a stream of N2. Unbroken cells and large

debris were removed by centrifugation at 35000 x g for 20 min. 50 mM K2EDTA were added

to the crude extract for complexation of divalent heavy metals, as Mn2+ and Cu2+, which

perturb EPR spectra. If not indicated otherwise, all subsequent manipulations were performed



122 Appendix

in the glove box at room temperature. The reddish-brown membranes were collected by

ultracentrifugation (150000 x g, 1 h, 4 °C) and were washed once with 10 mM Hepes/KOH,

pH 7.5, 0.2 M K2SO4 and 10 mM K2EDTA. Two additional washing steps were performed

with 10 mM Hepes/KOH, pH 7.5, 0.2 M K2S04, to reduce the Na+ concentration of the

membrane vesicles. Membranes were resuspended in 1 ml buffer to final protein

concentrations of 25-60 mg/ml.

Membrane vesicles (0.3 ml) were mixed with substrates (NADH, succinate) in the presence of

K+ or Na+ as indicated, transferred to standard EPR quartz tubes (outer diameter 4.0 mm) and

frozen in liquid nitrogen. The period of time between mixing and complete freezing of the

sample was approximately 6-8 min. The EPR spectra were recorded and simulated as

described in (Steuber et al, 2002). Enzyme assays and protein determination were performed

according to (Turk et al, 2004). Na+ was determined by atomic absorption spectroscopy with

a Shimadzu AA-646 spectrometer.

Comparative growth studies were performed by inoculating 5 ml medium from LB cultures.

Na+-limiting growth media were LBk, containing 10 g tryptone, 5 g yeast extract and 87 mM

KCl (3-10 mM Na+), and glucose minimal medium, 50 mM potassium phosphate (pH 8.0),

18.7 mM NH4CI, 43 mM K2SO4, 10 mM glucose, 0.1 mg/ml threonine and 2.5 pg/ml

thiamine (7 mM Na+).

Results and Discussion

The electron transfer pathway in Na+-NQR was shown to start on the NqrF subunit by a

hydride transfer from the electron donor NADH to the non-covalently bound FAD, followed

by a one-electron transfer to the Fe-S cluster, resulting in transient formation of a

flavosemiquinone radical (Turk et al, 2004). In order to investigate subsequent electron

transfer steps from the Fe-S centre to other flavins and/or the quinone present in the

Na+-NQR, the redox state of the complex was studied in native membranes by electron

paramagnetic resonance (EPR) spectroscopy. Tightly bound ubisemiquinone radicals were

proposed to form an ion pair with Na+ (Hayashi and Unemoto, 1984; Pfenninger-Li et al,

1996; Steuber, 2001). Also a Na+-dependent step connected to the formation of a

flavosemiquinone radical was suggested (Bogachev et al, 2001; Bogachev et al, 2002).

Another rather unusual observation was the stabilisation of flavosemiquinone radicals by

Na+-NQR in its as isolated, oxidised and reduced state (Barquera et al, 2003). So far, the role

of the 2Fe-2S centre in redox-linked Na+translocation is unsolved.



Appendix 123

EPR spectroscopy is a powerful tool for the elucidation of the electron transfer pathway in

Na+-NQR as it allows the detection of organic radicals as well as of reduced 2Fe-2S clusters

upon reduction of the enzyme with NADH.

Since we intended to compare EPR signals of membranes isolated in the absence of oxygen

from V. cholerae 0395N1 and the nqr mutant V. cholerae 0395N1 (nqrC::Tnbla)

(Häse et al, 2001), the absence of intact Na-NQR in the nqr mutant strain V. cholerae

0395N1 (nqrCr.Tnbla) was to be verified. The insertion in nqrC, the third gene of the operon,

should abolish transcription of nqrC, nqrD, nqrE and nqrF, encoding the subunit shown to act

as NADH dehydrogenase. But nqrA and nqrB could still be expressed, even though these

gene products alone are not capable to form a functional NQR-complex.

For the nqr mutant strain a slight growth and motility defect was reported (Häse et al., 2001),

explained by the defect in generating a sodium motive force which is required for driving the

Na+-dependent uptake of some substrates and the Na+-dependent flagellar motor. The

influence of various Na+ concentrations on growth in LB and glucose minimal medium was

studied for the nqr mutant and the reference strain. Growing over night in LB medium

supplemented with 10 mM glucose with total NaCI concentrations from 171 to 342 mM, the

nqr mutant strain reached approximately half of the final cell density observed for V. cholerae

0395N1. NaCI concentrations from 428 to 513 mM supported growth of the mutant strain up

to three third of the reference optical density reached by V. cholerae 0395N1. In LB medium

with 513 mM NaCI buffered with 50 mM potassium phosphate buffer to pH 6.5-8.5 or in LB

medium containing 87 mM KCl and 3-10 mM NaCI no growth defect of the mutant

compared to the reference strain was observed. In glucose minimal medium buffered with

potassium phosphate buffer to pH 8.0, growth ofboth strains was supported in the presence of

513 mM NaCI. At 7 mM NaCI the nqr mutant did not grow, whereas the reference strain was

able to grow. For both strains similar cell densities were reached in LBk medium, containing

83 mM KCl and a residual Na+ concentration of 3-10 mM. This suggests that the low salt

concentration in general and not particularly the demand of a minimal Na+ concentration

causes the growth defect in the nqr mutant V. cholerae 0395N1 (nqrC::Tnbla). This is an

unexpected result and points to an important function of the Na+-NQR in V. cholerae at low

Na+ or salt concentrations during growth on glucose minimal medium In this context, it has

to be mentioned, that V. cholerae wild type grows optimally at a large variety of

Na+ concentrations, from 5 to 513 mM NaCI, and thus does not depend on high

Na+ concentrations for growth as other Na+-NQR-containing Vibrio sp. like V. alginolyticus

(Baumann, 1984), The dependence of growth of V. cholerae 0395N1 (nqrC::Tnbla) on a
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certain salt concentration or ionic strength, points to a defect in keeping the osmotic pressure

constant or in adaptation to low osmolality.

Membranes from both strains exhibited similar NADH dehydrogenase activity. This was not

surprising, as V. cholerae contains a variety of NADH-oxidising enzymes in addition to

Na+-NQR. On the two chromosomes of V. cholerae El Tor four open reading frames

encoding NADH dehydrogenases of the membrane-bound, non-electrogenic NDHII-type

were identified, the ndh gene (VC1890) and putatively annotated VC1581, VCA0155 and

VCA0157 (Heidelberg et al, 2000). Further predicted NADH-oxidising enzymes with

unknown cellular localization are a NAD(P)H-flavin reductase (VC0312), a putative NADH

oxidase (VCA0644) and a putative NAD(P)H oxidoreductase (VC2607). In a strain lacking

Na+-NQR, the overall NADH dehydrogenase activity at the membrane is thus expected to be

upregulated to compensate for the loss of the contribution of Na+-NQR to NADH

dehydrogenase activity, as we observed with V. cholerae 0395N1 (nqrC::Tnbla).

Ag+ ions specifically inhibit NADH dehydrogenase activity of Na+-NQR by causing

dissociation of the non-covalently bound FAD (Steuber et al, 1997). 0.1 uM Ag+ inhibited

NADH dehydrogenase activity in V. cholerae 0395N1 to 50%. In the presence of 1 uM Ag+

NADH dehydrogenase activity in membranes isolated from V. cholerae 0395N1 decreased to

14-20% of the activity measured in the absence of inhibitor, whereas no inhibition was

observed for the nqr mutant V. cholerae 0395N1 (nqrC::7nbla). This observation indicates

the absence of intact Na+-NQR in V. cholerae 0395N1 (nqrCv.Tnbla), which was a

prerequisite for the comparison of nqr mutant and reference strain membranes by EPR.

Membranes were isolated from both strains under the exclusion of oxygen to prevent

formation of radical artefacts and under Na+-limited conditions to allow the study of a

Na+ effect on EPR spectra. Na2NADH, K2NADH or Na2succinate, respectively, were added

as electron donors to the respiratory chain. NADH is oxidised by Na+-NQR and other non-

electrogenic NADH dehydrogenases (NDH II-type), while succinate is oxidised by succinate

dehydrogenase and fumarate reductase. The succinate dehydrogenase from V. cholerae is

encoded by VC2088-VC2091 representing sdhB, sdhA, sdhD and sdhC, which are highly

homologous to the corresponding genes from E. coli, in the case of sdhA to the homologue

from Alteromonas putrefaciens (Heidelberg et al, 2000). Succinate dehydrogenase is

anchored to the cytoplasmic membrane and harbours a non-covalent FAD and one 2Fe-2S

cluster, termed centre I, two further Fe-S cluster of the 4Fe-4S and 3Fe-4S-type, and

cytochrome b556 (Cecchini et al, 2002). Succinate dehydrogenase or the related fumarate

reductase, encoded by VC2656-VC2659 in V. cholerae, was shown to be a contaminant in
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preparations of Na -NQR from V. alginolyticus (Steuber et al, 2002), thus hampering the

characterization of the 2Fe-2S cluster of Na+-NQR. NADH and succinate dehydrogenases

produce quinoles which are oxidised by oxidases or other terminal respiratory complexes. In

the absence of oxygen the quinones are completely reduced to quinols and no re-oxidation of

NADH dehydrogenases and succinate dehydrogenases occurs. A comparison of the EPR

spectra of NADH- versus succinate—treated membranes allows ascribing redox cofactors to

the Na+-NQR complex, as NADH dehydrogenases of the NDH II-type do not contain Fe-S

clusters or organic radicals. The addition of Na+ ions allows identifying the redox centres

which require the presence of the coupling ion Na+ for reduction or re-oxidation.
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Surprisingly, EPR spectra of membrane preparations from V. cholerae 0395N1 and

V. cholerae 0395N1 (nqrC::Tnbla) reduced with Na2NADH showed both signals of similar

intensity at approximately g-L
= 1.94 at 40 K and 2 mW (Figure IB), characteristic of a

[2Fe-2S]+ cluster. This signal was absent in membranes without added reductant (as isolated,

Figure 1A). Pfenniger-Li et al (1996) observed a similar pattern for the partially purified

Na+-NQR of V. alginolyticus with a strong line around g
= 1.94, representing the g± region of

a near axial signal from a [2Fe-2S]+cluster, that they assigned to the Na+-NQR of

V. alginolyticus. Our results indicate that these resonances cannot be attributed to the

Na+-NQR.
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indicated.
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Presumably, the signal originates from other Fe-S clusters located in respiratory chain

complexes downstream of Na+-NQR. The NADH-induced 1.94 signal seems to originate

from partially reduced succinate dehydrogenase present in the membranes, as it was shown to

disappear in the presence of thenoyltrifluoroacetone (TTFA) and fumarate, blocking quinone

reduction by the succinate dehydrogenase and fumarate reductase, in an analogous experiment

with V. alginolyticus (Steuber et al, 2002).

Comparison of membranes isolated from the nqr mutant and the reference strain by EPR

under conditions optimal for detection of organic radicals (70 K and 4 pW) revealed a radical

of similar concentration for membranes isolated from both strains without added reductant or

in the presence of succinate (Figure 2A and C). An increased radical signal was observed in

membranes from the reference strain containing Na+-NQR compared to the mutant upon

addition of NADH in the presence of Na+ (Figure 2B). The NADH-induced radical in wild

type membranes increased in intensity at elevated Na+ concentration (Figure 3). However, in

membranes isolated from V. alginolyticus this NADH-induced radical signal was abolished,

when TTFA and fumarate were added (Steuber et al, 2002).
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Figure 3: Influence of Na+ ions

on the NADH-induced organic

radical in membranes from

V cholerae 0395N1

EPR spectra of membrane

preparations from V. cholerae

0395N1 (24.3 mg/ml protein)
reduced with 7.3 mM NADH in

the presence of 0.08 mM Na+

(solid line) or 14.60 mM Na+

(dotted line).

It is concluded that the NADH-induced organic radical, detected under the chosen EPR

conditions, is not derived from a ubisemiquinone bound to the Na+-NQR, as proposed

previously. Rather the redox state of downstream respiratory complexes or the quinone pool is

monitored. In the presence of Na+, the Na+-NQR will reduce quinone more efficiently,

thereby providing quinol as electron donor for fumarate reductase or quinol oxidases,

enzymes that are known to stabilise ubisemiquinones as intermediates. From our data we

cannot conclude whether the organic radical enhanced in the presence ofNa+ originates from

a ubi- or flavosemiquinone. Therefore, the EPR properties of the radical signal have to be
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further investigated, by using inhibitors of other respiratory chain components and by

applying ENDOR (Electron-Nuclear DOuble Resonance) spectroscopy which allows

determining the origin of radical signals.
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