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All respiratory pathways, whether aerobic or anaerobic, are based on formation of an
electrochemical proton gradient called proton motive force (pmf) that drives ATP formation.
Membrane-bound respiratory complexes translocate protons across the membrane from a
region of low [H+] and negative electrical potential to a region of high [H+] and positive
electrical potential. This establishes a proton gradient and a membrane potential that together
form pmf.
The crystal structures of the respiratory complexes succinate:ubiquinone oxidoreductase
(SQR) and formate dehydrogenase-N (Fdh-N) from E. coli, have been solved to 2.6 and 1.6
Å respectively. The structures reveal detailed information about the structure/function
relationship of each enzyme as well as demonstrating how pmf is generated.
The aerobic respiratory complex SQR is a member of both the citric acid cycle and the
respiratory chain. It oxidises succinate to fumarate in the cytoplasm and reduces ubiquinone
in the membrane. SQR’s contribution to pmf is by reduction of ubiquinone to ubiquinol,
which is subsequently used by other members of the respiratory chain to perform proton
translocation. The structure of SQR reveals the location and properties of the ubiquinone
binding site and helps explain why mutations in this region result in known diseases in higher
organisms.
Fdh-N, a member of a major anaerobic respiratory pathway in E. coli, forms a redox loop
with dissimilatory nitrate reductase, linked by the menaquinone/menaquinol pool. This redox
loop contributes to pmf by translocating two protons from the negative to the positive side
and two electrons in the opposite direction. The structure of Fdh-N shows the molecular basis
of this process and allows for the proposal of a quinone reduction mechanism.

Susanna Törnroth, Department of Biochemistry, Box 576, 75123, Uppsala, Sweden
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1. INTRODUCTION

1.1 GENERAL INTRODUCTION

Proteins constitute a fundamental class of molecules in all living matter. They are
large biopolymers made up of a chain of amino acids linked together by peptide bonds.
The polypeptide chain is folded in three dimensions to give the protein a specific shape.
The function of the protein depends on the sequence of the amino acids and the three-
dimensional shape that the polypeptide chain adopts. This makes every protein unique
and allows for a wide diversity of functions. Proteins can for example play structural
roles, act as transporters and transmit signals within or between cells. Proteins also
function as enzymes, catalysing the thousands of chemical reactions that occur within the
living cell.

Enzymatic activity has been observed since the late 18th century but it wasn t until
1926 that the first enzyme, Jack bean urease, was recognised as a protein (Silverman
2000). As with all catalysts, enzymes work by lowering the energy barrier for a certain
reaction, probably by maintaining the reactants in a favourable geometry in a chemically
well defined active site. The surrounding enzyme functions as a scaffold, maintaining the
structure of the active site and permitting transfer of electrons, protons, substrates and
products to and from the active site.

To fully understand how a protein functions, it is important to know what the enzyme
looks like in three dimensions. This is known as the structure of a protein and can be
determined by the method of X-ray crystallography. In this thesis, the three-dimensional
structures of the two membrane-bound respiratory enzymes succinate:ubiquinone
oxidoreductase and formate dehydrogenase-N have been determined and the relationship
between their structures and functions have been investigated.

1.2 RESPIRATION

1.2.1 Aerobic respiration

Respiration is a fundamental cellular process. In aerobic respiration electrons are
passed along a series of five membrane-bound enzyme complexes (complex I-V) located
in the inner mitochondrial membrane, to the terminal electron acceptor oxygen (fig 1.1).
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During this process, protons are translocated across the membrane. This is referred to as
the mitochondrial respiratory chain or electron transport chain and is essential for the
survival of higher animals and plants.

In mitochondria, electrons enter the electron transport chain via complex I or II. Both
complexes use the electrons to reduce the membrane-soluble molecule ubiquinone to
ubiquinol.  Complex I, or NADH:ubiquinone reductase, oxidises NADH formed during
glycolysis and the citric acid cycle. The oxidation of NADH to NAD results in the
reduction of ubiquinone to ubiquinol. This is coupled to the transport of four protons
across the membrane. The mechanism for this transport is as yet unknown. Complex II,
also known as succinate:ubiquinone oxidoreductase (SQR) or succinate dehydrogenase is
a functional member of both the TCA cycle and the electron transport chain and uses
electrons derived from oxidation of succinate to perform the reduction of ubiquinone.
Complex III, or cytochrome bc1 complex, accepts electrons from the ubiquinol and
transfers them to a small soluble protein, cytochrome c, translocating another four protons
across the membrane. Cytochrome c is then oxidised by cytochrome c oxidase, complex
IV, which transfers the electrons to the final electron acceptor oxygen, reducing it to
water and pumping four more protons across the membrane. The generated
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electrochemical proton gradient is used by complex V, ATP synthase, to perform the
chemical work of producing ATP from ADP and inorganic phosphate.

Many prokaryotic organisms, such as the bacterium Escherichia coli (E. coli), have a
simplified electron transport chain present in the inner cell membrane. This electron
transport chain lacks complex III and, in this case, electrons are transferred directly from
ubiquinol to complex IV or ubiquinol oxidase (fig 1.1) (for a review see Saraste 1999).

1.2.2. Anaerobic respiration

Many organisms, including all eukaryotes, are strict aerobes and can only exist in
oxygen containing environments. Prokaryotes, however, have developed respiratory
diversity and flexibility and are able to use terminal electron acceptors other than oxygen,
such as nitrate, nitrite, fumarate and DMSO. This has given them the ability to inhabit a
wide range of environments, including those lacking oxygen, and to adapt rapidly to
changes in these.

One of the preferred organisms for studies on the energetics and regulation of
respiration is the facultative aerobic bacterium E. coli. It can survive under both aerobic
and anaerobic conditions and expresses several different electron transport chains
depending on the environment (for a review see Unden 1997). All the different electron
transport chains consist of primary dehydrogenases and terminal reductases or oxidases.
The electrons are transferred between these by membrane-soluble quinones. Depending
on the type of respiration different quinones with specific redox potentials are used (fig
1.2). In aerobic growth the high-potential ubiquinone is used. In anaerobic growth,
ubiquinone is replaced by the low-potential naphtoquinones; menaquinone (MK) or
demethylmenaquinone (DMK).

The type of electron transport chain used is determined at the expression level by
environmental factors such as the presence or absence of certain electron donors or
acceptors. Oxygen is the preferred electron acceptor since respiring with oxygen results in
the formation of the largest amount of energy.

ubiquinone menaquinone demethylmenaquinone

Figure 1.2 Different type of quinones
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1.2.3. Proton motive force

All types of respiration, whether aerobic or anaerobic, follow the chemiosmotic model
of energy coupling proposed by Peter Mitchell (Mitchell 1979). In this model he
postulated that energy-consuming integral membrane proteins, such as ATP synthase and
secondary transporters, are driven by a transmembrane proton electrochemical gradient
called the proton motive force (pmf or ∆µH +). The passage of electrons between
respiratory enzymes results in the transport of protons across the membrane, from a
region of low [H+] and negative electrical potential (matrix or cytoplasm; negative side) to
a region of high [H+] and positive electrical potential (intermembrane space or periplasm;
positive side). This establishes a proton gradient (∆pH) and a membrane potential (∆Ψ)
that together forms pmf. Thus, transporting protons from the negative to the positive side
of the membrane or transporting electrons in the opposite direction both contribute to
pmf-formation. There are known to be several molecular mechanisms involved in pmf
formation; the Q-cycle of cytochrome bc1 complex, the proton pumping of cytochrome c
oxidase or the simple redox loop.

Figure 1.3 a) Structure of bovine cytochrome bc1 complex (Iwata et al 1998). The two quinone binding
sites are indicated by arrows. b) Schematic picture of cytochrome bc1 complex including important redox
cofactors and cytocrome c, showing the Q-cycle. FeS; iron-sulphur cluster. The cytoplasmic domain is
not shown. Thick and thin black arrows indicate proton and electron transfer respectively.
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1.2.3.1 The Q-cycle of cytochrome bc
1
 complex

The electron transfer in cytochrome bc1 complex is coupled to proton translocation
according to the Q-cycle mechanism as first proposed by Mitchell (Mitchell 1979). The
central features of this mechanism are the bifurcation of the electron pathway and the
existence of two active sites, QP and QD (fig 1.3). Two quinone molecules are oxidised at
the periplasmic side of the membrane (QP) releasing four protons to the periplasm. Two of
the released electrons are transferred to soluble cytochrome c, while the other two move
across the membrane to the cytoplasmic side (QD) where they are used to reduce one
molecule of quinone. Overall, four protons are released for every two molecules of
cytochrome c reduced, giving a proton translocation stoichiometry of 2H+/1 electron (for
a review see Schultz 2001 ).

1.2.3.2. The proton pumping of cytochrome c oxidase

Unlike cytochrome bc1 complex, cytochrome c oxidase does not utilise ubiquinone to
transport protons across the membrane. Instead the enzyme relies on the presence of
transmembrane ion channels through the protein (fig 1.4). From the three-dimensional
structures known of the bovine and Paracoccus denitrificans cytochrome c oxidases and
the known amino acid sequences of other cytochrome c oxidases, three proton channels
have been proposed to exist in the enzyme (Iwata et al. 1995; Tsukihara et al. 1996;
Ostermeier et al. 1997; Yoshikawa et al. 1998). These are named the D-, K- and H-
channels after an important amino acid residue at the matrix side of these channels. The
K-channel extends from the matrix side of the enzyme to the oxygen reduction site
(binuclear centre) whereas the D- and H-channel span the entire membrane. The key
feature of the amino acids lining these channels is their ability to form hydrogen bonds
with nearby amino acids or water molecules through protonable side chains. While there
is good evidence to show the involvement of the D-channel in proton pumping and the K-
channel in proton delivery to the binuclear centre, it is not clear what the role of the H-
channel is. It does not appear to be involved in proton translocation across the membrane
(Lee et al. 2000). Despite high resolution data and a number of site-directed mutagenesis
studies on bacterial cytochrome c oxidase from P. denitrificans and Rhodobacter
sphaeroides, the exact mechanism of proton pumping is still not fully understood (Hosler
et al. 1993; Fetter et al. 1995; Mitchell et al. 1995; Witt et al. 1995; Svensson-Ek et al.
2002 ; Hosler et al. 1996; Pfitzner et al. 1998; Behr et al. 2000; Lee et al. 2000).
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1.2.3.3. The redox loop

The proton translocation of cytochrome bc1 complex or cytochrome c oxidase requires
a complicated enzymatic machinery. However, in Mitchell s early versions of the
chemiosmotic theory he described the respiratory chain as a series of redox loops in
which electrons and protons are translocated across the membrane (Mitchell 1976). This
simple redox loop model can still be applied to a number of pmf-generating systems. It
involves the participation of two separate enzyme complexes, A and B, which have their
substrate and quinone/quinol binding sites on opposite sides of the membrane (fig 1.5).

Enzyme A oxidises its substrate on the periplasmic side of the membrane and the two
electrons released are used to reduce one quinone molecule to a quinol on the cytoplasmic
side. During this reduction, two protons are picked up from the cytoplasmand the quinol
diffuses across the membrane to the enzyme B where it is oxidised releasing two protons
to the periplasm. The released electrons are transferred to the cytoplasmic side where they
are used by enzyme B to reduce its substrate, thereby completing the redox loop. The
translocation of both electrons and protons contribute to pmf-generation, corresponding to
an overall proton translocation stoichiometry of 2H+/1 electron. In E. coli anaerobic
respiration, formate dehydrogenase-N (Fdh-N) and dissimilatory nitrate reductase has
been proposed to work according to such a mechanism.

Figure 1.3 Structure of cytochrome c
oxidase from R. sphaeroides (Svensson-
Ek et al 2002). Electrons are transferred
from cytochrome c  to the binuclear
centre consisting of heme a3 and CuB and
are used to reduce oxygen to water while
protons are pumped across the
membrane. A thin black arrow indicates
electron transfer. Thick black arrows
indicate the proton channels used for
proton pumping (D-channel) and the
delivery of protons to the binuclear
centre (K-channel).
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1.2.3.4. Contribution to pmf by SQR

In aerobic respiration, SQR (complex II) is the only enzyme of the electron transport
chain that does not contribute to pmf formation by translocating protons across the
membrane itself. Instead it contributes by reducing quinone to quinol that is subsequently
utilised by the Q-cycle of cytochrome bc1 complex (fig 1.1).  Thus, SQR and cytochrome
bc1 complex form a type of redox loop different from the one reviewed above. The
difference is that only protons are translocated across the membrane and no electron
translocation contributes to the membrane potential.

1.3. AIM AND OUTLINE OF THIS THESIS

This thesis describes the structural studies of complexes involved in both aerobic and
anaerobic respiration. We present the crystal structures of the succinate:ubiquinone
oxidoreductase, complex II, involved in aerobic respiration and formate dehydrogenase-N
involved in anaerobic respiration, both from E. coli. In addition to giving detailed
information of the structure/function relationship for each enzyme, the structures have
revealed important insights to the overall process of respiration and the molecular basis of
proton motive force generation.
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Figure 1.5 Schematic picture of a simple redox loop consisting of enzymes A and B. The two enzymes are linked
via the quinone/quinol pool in the membrane. Electrons flow from the periplasmic side within enzyme A and are
used to reduce quinone to quinol and two protons are picked up from the cytoplasm. The quinol is oxidised by
enzyme B, releasing the two protons on the periplasmic side and the electrons are transferred to the cytoplasmic
side. Thin black arrows indicate electron transfer and thick black arrows indicate proton transfer.
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2. METHODOLOGY

2.1. PRINCIPLES OF X-RAY CRYSTALLOGRAPHY

X-ray crystallograpy is based on the fact that atoms in a molecule scatter (diffract) X-
rays and that the obtained diffraction pattern is a representation of the electron density of
that molecule. Each diffracted ray is represented by a spot in the diffraction pattern and
can be described by three properties, an amplitude, a wavelength and a phase angle. If all
three properties are known for all of the diffracted rays, the electron density of the
molecule can be calculated. The diffraction of a single molecule is however not strong
enough and therefore it is necessary to use a crystal. A crystal contains millions of
ordered copies of the protein and is built up of repetitive units called unit cells. Each unit
cell contains one or more protein molecules. If the crystal is well ordered, it can be used
for diffraction data collection and the electron density of the unit cell can be calculated. A
model of the protein can then be built into the displayed electron density. The amplitudes
are given by the intensities of the diffraction spots and the wavelength is a property of the
X-ray source. However, the phase information is lost. This is known as the phase problem
in crystallography and can be solved in several ways including the methods of molecular
replacement, multiple anomalous dispersion (MAD) and multiple isomorphous
replacement (MIR). The work described in this thesis involved the use of MAD and
molecular replacement methods, briefly discussed below.

2.1.1. Phase determination methods

2.1.1.1. Molecular replacement

If the protein of interest is similar to a protein of known structure this can be used as a
starting point in phase determination (Rossmann et al. 1962; Navaza 1994). First, the
known structure, the model, is used to find the position of the unknown protein in the unit
cell. Electron density calculated from the known structure is rotated and translated in the
unit cell of the unknown protein crystal until there is a maximum overlap. The correctly
orientated model then provides initial approximate phases that will be optimised as the
structure solving progresses. This method of molecular replacement has become the most
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common method of phase determination as the number of known protein structures
increases

2.1.1.2. Multiple anomalous dispersion

Both structures in this thesis were solved using MAD (Hendrickson 1991). The
method is based on the fact that at certain X-ray wavelengths, the interaction between the
X-rays and the electrons of an atom causes the electrons to absorb the energy of the X-
ray, thereby affecting the X-ray scattering by that atom. In the diffraction pattern this is
detectable as intensity differences for symmetry-related reflections, so called Friedel
pairs. The effect is negligible for light atoms but is measurable for heavy atoms such as
zinc, selenium and iron and is known as anomalous scattering. The anomalous scattering
part of the diffraction can be divided into two parts, f and f  and each part contributes
differently depending on the wavelength. Generally, a complete MAD data set consists of
data collected at three different wavelengths: the peak, inflection and remote. At the peak
wavelength f  contributes the most while at the inflection wavelength the difference
between f  and f  is the largest. At the remote wavelength f  still contributes significantly
but f  is negligible. The exact wavelengths to be used are specific for the anomalous
scattering atom present and the surrounding environment and can be determined by doing
an absorption edge scan on the crystal before data collection. By examining the intensity
differences between the Friedel pairs in the different data sets, the positions of the
anomalous scattering atoms in the unit cell can be determined directly. From these
positions, phases can be calculated that can be used to obtain phases for the entire protein
structure.

For a MAD-experiments to be successful, the anomalous scattering atom has to have
certain properties. First, the absorption edge of the element has to lie within the X-ray
region. Secondly, to give an anomalous signal that is measurable, the number of electrons
in the anomalous scattering atoms has to be high enough compared to the total number of
electrons in the unit cell. Commonly used atoms are for example Hg, Pt, Se and Fe. These
can either occur naturally in the protein or be introduced by chemical modification or
biological substitution.

2.1.1.3. Model building and refinement

Once initial phases have been obtained, a first preliminary electron density can be
calculated and displayed. A model of the structure is built into it. The model and the
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experimental data undergoes a computational process called refinement during which the
atoms are shifted about to maximise the agreement between the model and the
measurements by a least-squared fitting procedure. After a round of refinement the model
is manually rebuilt to fit the density. The process of refining/rebuilding is repeated until a
satisfactory result has been obtained. The quality of the model is assessed by the
crystallographic R-factor (Rcryst) and free R-factor (Rfree) (Brünger 1992). The Rcryst is a
measure of how well the amplitudes, if calculated from the model, correspond to the
experimental amplitudes. Rfree is calculated as the Rcryst for a randomly selected fraction of
the data (typically 5-10%) which is not included in refinement. Rfree thus becomes a less
biased indicator of the quality of the model.

2.2. CRYSTALLISATION OF MEMBRANE PROTEINS

In various genome projects, membrane proteins have been estimated to account for
between 25-30% of all encoded proteins. Moreover, many genetic disorders are directly
related to membrane proteins and it is estimated that more than 70% of all currently
available drugs act via membrane proteins (Byrne and Iwata 2002). However, out of more
than a thousand known individual protein structures, less than forty are membrane
proteins. This disproportion is not due to a lack of interest or effort but is related to the
fact that these proteins, being embedded in the membrane lipid bilayer, are more difficult
to study structurally. There are some rational approaches however, which, when applied,
can increase the possibility of solving a membrane protein structure.

2.2.1. Expression

Successful crystallisation of a protein requires high quality protein sample in sufficient
amounts to perform crystallisation trials. In addition, membrane proteins generally need a
large number of crystallisation trials to yield well-diffracting crystals. Soluble proteins
can often be over-expressed, however, this has proved much more challenging for
membrane proteins since overproduction of these can result in a degraded product, the
formation of inclusion bodies or a cytotoxic effect. Furthermore, it may be impossible to
express some membrane proteins, particularly clinically relevant eukaryotic ones, in the
prokaryotic system of choice. Earlier membrane protein structures have therefore been of
proteins that are naturally available in large amounts, such as photosynthetic or
respiratory complexes. Progress in membrane protein expression has been made, such as
the use of improved promotors and alternative cell strains and the development of an
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expression system which increases the membrane surface area of the cell (Weiner et al.
1984; Maklashina et al. 1998).  Other approaches (outlined below) of improved
purification and the use of smaller protein sample volumes for crystallisation trials have
reduced the protein requirement.

2.2.2. Solubilisation and purification

Membrane proteins contain a hydrophilic surface exposed to solvent and a
hydrophobic core region embedded in the lipid bilayer. The hydrophobicity of membrane
proteins makes it impossible to extract and maintain them in solution unless the
hydrophobic regions are protected from the solvent. This is done by covering the
hydrophobic regions with detergent molecules, which mimic the membrane lipid, thereby
forming a protein-detergent micelle (fig 2.1). This is known as solubilisation. It is

important to use a detergent that keeps the native protein structure intact. There are many
such mild detergents  to chose from, for example dodecyl maltoside or octyl glucoside.
Once solubilised, the membrane protein can be kept in solution and purified, however, the
detergent must be present at all times. The purification methods are essentially the same
as for soluble proteins. Different chromatographic techniques are often used such as ion-
exchange chromatography, affinity chromatography and gel filtration. Care has to be
taken that membrane protein complexes are kept intact during the purification process
since overpurification can result in the loss of weakly bound subunits. Thus, one-step
affinity chromatography is useful. Membrane proteins also tend to interact strongly with
chromatographic media, which may lower the column efficiency (Abramson et al. 1999).

Figure 2.1 Solubilisation of membrane proteins. The hydrophobic regions of the membrane protein are covered
with detergent molecules forming a protein-detergent micelle

hydrophobic surface
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2.2.3. Crystallisation

Membrane protein crystals are classified into three types depending on how they are
formed: 2D crystals, type I 3D crystals and type II 3D crystals (Fig 2.2) (Michel 1983;
Ostermeier et al. 1997). Two-dimensional (2D) crystals are used in electron microscopy
and are, in principal, reconstituted membrane. The crystal is stabilised by hydrophobic
interactions. In X-ray crystallography, three-dimensional (3D) crystals are used. Type I
3D crystals can be described as layers of 2D crystals stacked on top of one another and
held together by polar interactions between the hydrophilic surfaces of the protein
molecules. Due to difficulties in reinforcing both the hydrophobic and polar interactions it
is difficult to obtain large type I crystals. It has been shown that these interactions can be
stabilised by using a three-dimensional continuous lipid phase as a membrane protein
solvent instead of solubilising with detergents. This lipidic cubic phase  has been
successful in several cases, and was for example used in solving the structure of
bacteriorhodopsin (Pebay-Peyroula et al. 1997; Chiu 2000; Kolbe et al. 2000).

Type II 3D crystals are the most common type of membrane protein crystals obtained.
The crystallisation techniques are the same as for soluble proteins, with the exception of
the presence of detergent in the protein solution. Detergent covering the hydrophobic
regions of the membrane protein has a negative effect on crystal formation in two
different ways. First, protein-protein contacts essential for formation of the crystal lattice
can only be mediated via the detergent-free hydrophilic surfaces of the protein. Secondly,
the detergent micelle has to fit perfectly in the solvent gaps formed between protein
molecules. The choice of detergent is the most critical factor for membrane protein
crystallisation and often the detergent used in crystallisation is different from the one used

Figure 2.2 Schematic representation of different types of membrane protein crystals. Hydrophilic areas of the
proteins are shown in darker grey, Membrane lipid are showed in medium grey and detergent molecules are
shown in black.

2D crystal Type I 3D crystal Type II 3D crystal
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in purification. There is unfortunately no way of knowing which detergent will produce
good crystals beforehand and the optimal detergent has to be found by trial and error. The
crystallisation technique most commonly preferred is the vapour diffusion technique and
PEGs of different sizes has been successfully used as a precipitant in several cases.
Temperature is another factor that has a large influence on crystallisation. This is due to
the fact that the detergent micelle size is temperature dependent.

Once crystals have been obtained the conditions usually need optimising. The most
successful optimising approach is to modify the detergent micelle since small changes in
this can give dramatic effect on crystal quality and resolution. Additives successfully used
include small amphiphilic molecules such as heptane 1,2,3-triol and benzamidine as well
as organic solvents e.g. DMSO, dioxane and some alcohols (Abramson and Iwata 1999).
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3. SUCCINATE:QUINONE OXIDOREDUCTASE

3.1. OVERVIEW

Succinate:quinone oxidoreductase (SQR, succinate dehydrogenase, Complex II)
couples the oxidation of succinate in the cytoplasm to reduction of quinone in the
membrane. This reaction is involved in aerobic respiration. In anaerobic respiration with
fumarate as the terminal electron acceptor, the reaction in the opposite direction;
oxidation of quinol to quinone in the membrane coupled to reduction of fumarate to
succinate in the cytoplasm, is catalysed by quinol:fumarate oxidoreductase (fumarate
reductase, QFR). SQRs and QFRs are structurally and functionally very similar and each
enzyme can catalyse the reaction in both directions. In fact they are able to functionally
replace each other (Weiner et al. 1984; Maklashina et al. 1998). Without prior knowledge
of the physiological role, it is currently not possible to deduce from the amino-acid
sequence alone whether a newly discovered enzyme will function as a SQR or QFR in
vivo (Cecchini et al. 2002).

3.1.1. Structural features of SQR/QFR

All SQRs and QFRs consist of a large cytoplasmic domain and a membrane anchor
(fig 3.1). The cytoplasmic domain is highly homologous between SQRs and QFRs. It
consists of a flavoprotein subunit (Fp or SdhA/FrdA; 60-73 kDa) containing a covalently
attached FAD, and an iron-sulphur protein subunit (Ip or SdhB/FrdB; 24-31 kDa),
containing three iron-sulphur clusters. The membrane anchor has much lower sequence
similarity and varies in subunit and cofactor composition. It may consist of one larger
subunit (SdhC/FrdC; 23-30 kDa) or two smaller subunits (SdhC/FrdC; 13-18kDa,
SdhD/FrdD; 11-16 kDa) containing one, two or no heme b. The monomeric membrane
anchor is thought to be the result of a gene fusion event between the genes encoding the
two smaller membrane anchor subunits during evolution. The succinate/fumarate binding
site is located close to the FAD in the flavoprotein subunit and the quinone/quinol binding
site is localised in the membrane anchor (H gerh ll et al. 1996) .
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3.1.1.1. Classification of SQR/QFR

SQR/QFRs can be divided into several classes (type A-D) based on the composition of
the membrane anchor (fig 3.1) (H gerh ll and Hederstedt 1996) . Type A anchors contain
two subunits and two heme b, type B anchors contain one subunit and two heme b, type C
anchors contain two subunits and one heme b and type D anchors contain two subunits
but lack heme.

There is a connection between the anchor type and the type of quinone it interacts with
(H gerh ll 1997). Typically, ubiquinone-interacting enzymes, e.g. mammalian SQR or
SQR from Gram-negative bacteria such as E. coli, belong to type C while menaquinone-
interacting enzymes belong to type B (Wolinella succinogenes QFR, Bacillus subtilis
SQR) or D (E. coli QFR). Type A membrane anchors can be found in certain archea e.g.
Thermoplasma acidophilum and these interact with low potential quinones. In addition to
these four classes there is a fifth type, type E, that is very different from the others

FAD
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(heme b)
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Fig 3.1 Schematic drawings of SQR/QFRs.
Dotted lines indicate approximate position
of the membrane. a) Overall subunit and
cofactor composition. Fp is shown in dark
grey, Ip in medium grey and membrane
anchor in light grey. b) Schematic picture of
type A-D membrane anchors. Fp and Ip are
shown in white, membrane anchor subunits
in different shades of grey. Hemes are
indicated in black.
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(Lemos et al. 2002; Schafer et al. 2002). These membrane anchors can be found in SQRs
from C. jejuni and the cyanobacterium Synechocystis. Type E enzymes will not be
discussed further in this thesis.

3.1.1.2. Crystal structures

The crystal structure of two QFRs are currently available; QFR from W. succinogenes
(PDB entry 1QLA) belonging to type B and QFR from E. coli (PDB entry 1FUM)
belonging to type D (fig 3.2) (Iverson et al. 1999; Lancaster et al. 1999). In addition,
structures of E. coli L-aspartate oxidase (LASPO,PDB entry 1CHU) and the
flavocytochromes c3 from Shewanella frigidmarina and putrefaciens (PDB entries 1QJD
and 1D4C) have been solved (Bamford et al. 1999; Leys et al. 1999; Mattevi et al. 1999;
Taylor et al. 1999). These are soluble single-subunit flavoenzymes with homology to the
flavoprotein of SQR/QFRs.

3.1.1.2.1. The flavoprotein

The Fp polypeptide folds into four domains including a large FAD-binding domain
containing the Rossmann-type fold seen in other FAD-binding enzymes and a capping
domain. The FAD in E. coli and W. succinogenes QFR is covalently attached via an 8α-

a) b)

Figure 3.2 Structures of a) QFR from E. coli at 3.3  resolution (PDB entry 1FUM) (Iverson et al 1999) and b)
QFR from W. succinogenes at 2.2  resolution (PDB entry 1QLA) (Lancaster et al 1999). Fp is shown in dark
grey and Ip and membrane anchor in medium grey. Cofactors are shown in light grey.
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(N3)-histidyl-linkage. This linkage is present in all SQRs and most QFRs and, in
combination with interactions with the protein environment, it raises the redox potential
of the FAD-group to allow it to be reduced by succinate (Ackrell 2000). LASPO and
flavocytochrome c3 have a non-covalently attached FAD and are unable to oxidise
succinate. A number of different dicarboxylic acids are able to bind to the active site close
to the FAD, including succinate, fumarate and the reversible inhibitors malonate and
oxaloacetate. These dicarboxylic acids are held in place by polar interactions with two
arginines and one histidine (Lancaster, Kr ger et al. 1999). The dicarboxylic acid binding
site adopts two different conformations depending on whether it is in the bound or
unbound state. In the unbound state, the capping domain moves away from the FAD-
binding domain, leaving the active site in a more open conformation, as seen in the
LASPO and flavocytochrome structures. In the W. succinogenes and E. coli structures,
containing fumarate and oxaloacetate respectively, the active site is in the closed
conformation. Binding of substrate is therefore thought to induce movement of the
capping domain to close the active site to solvent (Ackrell 2000).

3.1.1.2.2. The iron-sulphur protein

The Ip contains one each of a [2Fe-2S], [3Fe-4S] and [4Fe-4S] type iron-sulphur
cluster. The polypeptide folds into two domains: an N-terminal plant ferredoxin  domain
containing the [2Fe-2S] cluster and a C-terminal bacterial ferredoxin  domain containing
the [4Fe-4S] and [3Fe-4S] clusters (Ackrell 2000). The iron-sulphur clusters are ligated
by three groups of cysteines. These cysteines are highly conserved with the single
exception of one of the cysteines ligating the [2Fe-2S] cluster which is replaced by an
aspartate in a few species (H gerh ll 1997). The FAD and the iron-sulphur clusters are
aligned in a chain-like arrangement with the following order: FAD, [2Fe-2S], [4Fe-4S],
[3Fe-4S]. All distances between redox centres are well within the 4-14  range of
physiological electron transfer (Page et al. 1999). The second cluster, [4Fe-4S], has an
extremely low Em value and its role in electron transfer has been disputed. However, the
structures of W. succinogenes and E. coli QFR showed this cluster to be positioned in
between the other two. This strongly suggests that it is participating in electron transfer.
The [3Fe-4S] cluster positioned at the bottom of the Ip is required for functional binding
of the cytoplasmic domain to the membrane-anchoring domain and for electron exchange
with quinone (Ackrell 2000).
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3.1.1.2.3. The membrane anchor

The membrane anchor consists of five or six α-helices depending on the type. The two
subunits in type A, C and D membrane anchors make up six α-helices in total with each
subunit contributing three helices each. These are numbered helices I-VI. The type B
monomeric anchor of  consists of five helices. The missing helix is equivalent to helix III
in the dimeric anchors and consequently the helices in type B anchors are numbered I, II,
IV-VI. Despite the diversity with respect to polypeptide composition and heme content
and the lack of sequence similarity, the core structure of all types of membrane anchors
seems to be essentially the same. H gerh ll and Hederstedt proposed a general model in
which the core structure is a four-helix bundle made up by helices I, II, IV and V (fig 3.3)
(H gerh ll and Hederstedt 1996).

Heme, if present, is located inside this bundle and the heme plane is normal to the
membrane surface. The heme closest to the [3Fe-4S] cluster (heme bH) is ligated by
histidines from helices II and V while helices I and IV provide histidine ligands for any
second lower potential heme (heme bL). This general model has been confirmed by the W.
succinogenes and E. coli QFR structures.

3.1.1.2.4. Quinone binding sites

Up to three quinone binding sites have been proposed to exist in SQR/QFRs
(H gerh ll 1997; Cecchini et al. 2002). These include a proximal binding site, QP, close to
the [3Fe-4S] cluster and heme bH (if present) and a distal binding site, QD, near the
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Figure 3.3 Proposed model for type A-C membrane anchors (H gerh ll and Hederstedt 1996). The core
structure is a four helix bundle with heme located in the middle.
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periplasmic side of the membrane close to heme bL (if present). In some cases the QP —site
has been reported to contain an EPR-detectable semiquinone pair (H gerh ll 1997). The
native E. coli QFR structure contains two bound menaquinone molecules of unknown
oxidation state. These are located in pockets formed by helices I, II, IV and V at sites
corresponding to QP and QD (fig 3.2). However, the distance between the two quinone
molecules (~25 ) and the absence of heme precludes any electron transfer, unless there is
a yet unknown electron carrier in between or if the quinone molecules are able to move
about (Iverson et al. 1999). The crystal structure of E. coli QFR in complex with the
menasemiquinone analogue HQNO has been solved to 2.8  (PDB entry 1KF6) and
showed HQNO to bind only to the QP-site (Iverson et al. 2002). This, in combination with
kinetic data suggests that only one dissociable quinone binding site exists and that this
would be the QP-site (Rothery et al. 1998; Maklashina et al. 1999). QD might play a
structural role but is probably not involved in electron transfer. Unfortunately, density for
any quinone molecules could not be found in the W. succinogenes QFR structure.
Mutational studies have however suggested that a site corresponding to QD is essential for
quinol oxidation (Lancaster et al. 2000).

3.1.2. SQR from E. coli

E. coli SQR is encoded by the sdhCDAB gene cluster.  It has a type C membrane
anchor, consisting of two polypeptides, SdhC and SdhD, containing one heme b, and
interacts with ubiquinone (fig 3.1). The molecular weights for the Fp (SdhA) , Ip (SdhB) ,
SdhC and SdhD are 64, 27, 14.2 and 12.8 kDa respectively (H gerh ll 1997). The heme is
ligated by histidines from both membrane anchor subunits, His C84 and His D71. The
role of this heme is not yet determined; although it has been shown to be necessary for
functional assembly and structural stability, its involvement in electron transport has been
disputed (Nakamura et al. 1996; Nihei et al. 2001).

The ubiquinone reduction site in E. coli SQR has been predicted to be located in
between the [3Fe4S] cluster and the heme at a quinone binding site corresponding to QP.
Mutational analysis has proposed Ser C27 and Arg C31 to be a part of a quinone binding
pocket together with the heme ligand His C84. The existence of a second quinone binding
site equivalent to QD has been suggested by photoaffinity labeling (Shenoy et al. 1997).
The simplest model of ubiquinone reduction in E. coli SQR involves direct electron
transfer from the [3Fe4S] cluster, precluding the heme from electron transfer (Cecchini et
al. 2002). This is equivalent to the mechanism in E. coli QFR, which is lacks heme.
Quinone reduction/quinone oxidation in E. coli SQR follows simple Michaelis-Menten
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kinetics, which supports a single quinone binding site being involved in the catalytic
mechanism (Maklashina and Cecchini 1999).

Mutations in mammalian SQR have been associated with genetic disorders. While
mutations in SdhA cause disorders that resemble other TCA cycle gene defects, for
example Leigh syndrome, mutations in Sdh B, SdhC and Sdh D cause hereditary
paraganglioma. Paraganglioma is characterised by slowly growing vascular tumors in the
paraganglionic tissue of the head and neck and seems to be caused by increased levels of
oxidative stress. This is supported by the fact that SdhC mutants of C. elegans have
increased levels of superoxide production which leads to oxidative damage and rapid
ageing (Ishii et al. 1998; Baysal et al. 2000; Birch-Machin et al. 2000; Niemann et al.
2000).

E. coli SQR is very similar to human SQR, both having a type C membrane anchor,
and can therefore serve as an excellent model for the human counterpart. Detailed
information of how these mutations affect the structure and therefore the function of E.
coli SQR will lead to a better understanding of the physiological role of SQR in these
genetic disorders. E. coli SQR also has the advantage of being easily expressed to high
levels and readily purifiable.

3.2. STRUCTURAL STUDIES ON E. COLI SQR

3.2.1. Expression and purification

3.2.1.1. Expression, membrane preparation and solubilisation

The E. coli strain DW35 transformed with plasmid pFAS was used for expression of
SQR. DW35 does not express endogenous SQR or QFR due to an insertion and deletion
mutation respectively. The pFAS plasmid contains the complete coding sequence for
sdhCDAB under the control of the QFR promotor, PFRD. By expressing SQR anaerobically
under the conditions normally used for expression of QFR, SQR functionally replaces
QFR and is overexpressed to high levels (Maklashina, Berthold et al. 1998)

The cell culture was grown anaerobically in glycerol-fumarate medium for 18 h at 310
K. After harvesting the cells by centrifugation, they were disrupted by two passages
through a high pressure homogeniser. Unbroken cells and debris were removed and the
membrane fraction was isolated by a series of centrifugation steps. At this stage, SQR
constitutes 25-35% of the total membrane protein content. The membranes were
resuspended and the proteins were solubilised by adding the detergent Thesit
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(polyoxyethylene(9)dodecyl ether, C12E9) to a final concentration of 2%. After
centrifugation at high speed to get rid of lipid and debris, the intense reddish-brown
supernatant was filtered through a 0.2-µm nylon filter before purification (for details see
paper I).

3.2.1.2. Purification

Purification of SQR involves two anion exchange chromatography steps followed by a
gel filtration step (for details see paper I). All steps were performed using buffers
containing Tris-HCl pH 7.4 and 0.05% Thesit. A linear 0.1-0.3 M NaCl gradient was used
to elute the proteins in both anion exchange steps. After gel filtration, the fractions
containing purified SQR were pooled, filtered and concentrated to a final concentration of
~60 mg protein/ml. The enzyme could be immediately used for crystallisation trials or
stored at 203 K for later use.

3.2.2. Crystallisation

E. coli SQR has been crystallised in two different crystallisation conditions, in both
cases using the hanging drop vapour diffusion technique. Hamptons crystallisation
screens were used for initial screening. The first crystals obtained were of type I. These
were used in the initial steps of solving of the structure. Type II crystals were obtained at
a later stage and since they were of superior diffraction quality, they were used to refine
and complete the structure.

3.2.2.1. Type I crystals

Prior to crystallisation, the sample buffer was changed to a buffer containing 20 mM
MOPS pH 7.4 and 0.1% Thesit. This was done by running the sample through a Superdex
200 gel filtration column. The extra gel filtration step was necessary to obtain
reproducible crystals of this type from frozen sample. The filtered protein sample was
concentrated to a final concentration of 20-25 mg/ml. Crystallisation experiments were
performed at 283 K. The protein solution was mixed in a 1:1 ratio with the reservoir
solution containing only 4 M formate. Crystals with a round plate shape grew within a
few weeks to an average dimension of 0.2x0.2x0.05 mm3 (fig 3.4). The crystals belong to
the hexagonal space group P63 with cell dimensions of a=b=123.8 and c=214.6 . The
high solvent content of 63.6% is common for membrane protein crystals and is due to the
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presence of the detergent micelle (Ostermeier et al. 1995; Iwata et al. 1998; Abramson et
al. 2000). Prior to data collection, the crystals were soaked in a cryo-solution containing
20% glycerol. Properties of the crystals are summarised in table 3.1.

3.2.2.2. Type II crystals

Crystallisation trials were set up with the frozen protein sample directly, no buffer
exchange or second gel filtration step was performed. The protein sample contained Tris-
HCl pH 7.4, 0.05% Thesit and ~60 mg ml-1 protein. Crystallisation experiments were
incubated at 293 K. The protein sample was mixed in a 1:1 ratio with the reservoir
solution. Initial crystals were obtained with a reservoir solution containing 0.1 M Tris-
HCl pH 8.2, 0.2 M CaCl2 and 24% PEG 400. However, large number of nuclations
resulted in a large number of small poorly diffracting crystals. To reduce the number of
nucleation sites, the protein sample was centrifuged (100 000rpm for ~30 mins). The
quality of the sample was checked by negative stain electron microscopy before and after
centrifugation and it was evident that this procedure removed protein aggregates, making
the protein sample more homogenous and limiting the number of nucleations. This
resulted in the growth of fewer, larger, better diffracting crystals. The addition of 0.01 M
BaCl2 and 3% ethylene glycol further improved the size of the crystals. The optimum
PEG-concentration was sample dependent and varied between 19-30%. The crystals grew
within 24 hours to an approximate size of 0.1 mm along the longest length (fig 3.4). They
belong to the trigonal space group R32 with cell dimensions of a=b=138.73, c=521.88 .
Depending on the concentration of PEG 400 used in crystallisation trials, the crystals
could either be frozen directly (≤28% PEG) or otherwise soaked in cryo-solutions
containing a higher PEG 400 concentration. It proved necessary to collect data from

a) b)

Figure 3.4 Crystals of SQR from E. coli. a) Type I crystals, space group
P63. b) Type II crystals, space group R32
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crystals that had been frozen soon after crystallisation experiments had been set up, since
crystal ageing resulted in complete loss of diffraction. Freezing was therefore completed
no more than 72 hours after crystallisation experiments had been set up. Properties of
these crystals are summarised in Table 3.1.

Table 3.1 Crystallisation statistics

Type I crystals Type II crystals

Space group P63 R32
Cell dimensions ( ) a=b=123.8 , c=214.6 a=b=138.7 , c=521.9
No molecules / asym. unit 1 1
Solvent content (%) 63.6 64.3

3.2.3.2.1. Preparation of SQR-DNP17 complex crystals

To study the ubiquinone binding site, SQR was co-crystallised with the quinone site
inhibitor 2-allyl 4,6-dinitrophenol 17 (DNP17) (Yankovskaya et al 1996). This was done
by adding 5 µl of 125 µM DNP17 in 100% ethanol to 495 µl of ~7 mg/ml protein sample
and incubating it on ice for 14 hours. After washing away excess DNP17 and
concentrating the protein sample to ~60 mg /ml, crystallisation experiments were set up in
the same way as for the native type II crystals. The obtained crystals were isomorphous to
native type II crystals.

3.2.3. Data collection

3.2.3.1. Type I crystals

Type I SQR crystals diffracted X-rays to 3.5  in the best direction. Three data sets
were collected on three different crystals at the ESRF beamlines ID14-EH3 and ID29.
Due to radiation damage and anisotropy of the data, the data could not be completed up to
the maximum resolution limit of the crystals. By merging the three data sets, a complete
data set to 4.0  was obtained. Data collection statistics are shown in Table 3.2.

3.2.3.2. Type II crystals

The initial type II crystals diffracted X-rays to between 3.5 and 4.0 . Limiting the
number of nucleations and optimising the crystallisation conditions with additives, along
with rapid freezing, improved the diffraction quality. The best crystals diffracted  X-rays to
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2.7  (fig 3.5). A native data set was collected at Swiss Light Source beamline X06S and a
MAD-data set to 3.2  at the iron K-edge was collected at the ESRF beamline ID29.
Furthermore, a data set on a SQR-DNP17 complex crystal was collected to 2.9  at the
ESRF beamline ID29. Data collection statistics for all these data set are shown in table 3.2.

Table 3.2 Data collection and phasing statistics

Type II

Data set Type I High
resolution Inflection Peak Remote

DNP17
complex

Resolution ( ) 40-4 40.0-2.7 40.0-3.2 40.0-3.2 40.0-3.2 40.0-2.8
Wavelength ( ) 0.934 1.008 1.741 1.738 0.976 0.915
Total obs. 46,435 152,544 69,082 72,433 75,950 159,443
Unique refl. 13,946 53,751 28,173 28,465 29,175 61,817
Redundancy 3.3 2.7 2.5 2.5 2.6 2.6
Completeness (%)* 88.1 (80.5) 89.5 (85.1) 88.0 (69.8) 89.2 (77.0) 91.4 (86.3) 90.8 (74.9)
Rmerge (%)*# 10.6 (60.2) 8.4 (56.5a) 9.0 (40.5a) 7.2 (28.2a) 10.1 (44.7a) 8.8 (72.8a)
Phasing power⁄ - - 0.59 0.65 - -
*Statistics for highest resolution shell are given in parantheses.
#Rmerge= ΣhΣi|Ii(h)- I(h) | ΣhΣi(h), where Ii(h) is the ith measurement.
⁄Phasing power is the rms value of Fh divided by rms lack-of-closure error.
aThe last shell Rmerge is high due high anisotropy

3.5

a) b)

Figure 3.5 Typical diffraction patterns from a) type I E. coli SQR crystal (space group P63) diffracting to 3.5 
and b) type II E. coli SQR crystal (space group R32) diffracting to 2.7 .

2.7
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3.2.4. Structure determination

3.2.4.1. Molecular replacement using type I crystals

A molecular replacement study was performed using the type I crystal data. The
soluble domain of E. coli QFR (PDB entry 1FUM) was used as the search model. The
sequence identity between the Fp and Ip subunits of SQR and QFR is 40 and 36%
respectively. The transmembrane domain was left out due to lack of sequence identity
(<18%). Using the program AMoRe (Navaza 1994) a clear molecular replacement
solution was obtained with a correlation coefficient of 55.4% and an R-factor of 49.7%.
The crystal packing was checked using the program O and seemed reasonable as there
was no overlap between molecules (fig 3.6) (Jones et al. 1991). The crystal is, in principle
a type I 3D membrane protein crystal with stacked layers of two dimensional crystals.  In
fig 3.6, the membrane anchor is included and is positioned relative to the soluble domain
based on the QFR structure, although this was not included in the search model.

a) b)

Figure 3.6 Packing diagram of a) Type I E. coli SQR crystal, space group P63 and b) Type II E. coli
SQR crystal, space group R32. Soluble domains are shown in dark grey and membrane anchors in light
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3.2.4.2. Phasing using type II crystals

3.2.4.2.1. Molecular replacement

A molecular replacement study was performed with the 2.7  type II crystal data,
using the coordinates of E. coli and W. succinogenes QFR (PDB entries 1KF6 and 1QLA
respectively) as search models. The correct packing could be found using the program
AMoRe (Navaza 1994). It was checked using the program O (Jones et al. 1991) and
showed to be different from that of type I SQR crystals (fig 3.6). Except for the core
region of Fp and Ip subunits, where the sequence is well conserved between SQR and
QFR, it was impossible to make a reliable model. As a result, refinement of this partial
model failed.

3.2.4.2.2. MAD phasing, model building and refinement

To solve the phase problem, MAD data to 3.2  was collected at the iron K-edge and
phases were calculated using the ten intrinsic iron atoms. Initial phases were calculated to
3.2  using the program MLPHARE with an overall figure of merit of 0.28  and
extended to 2.8  using the programs DM  and SOLOMON, all programs belonging to the
CCP4 program suite (CCP4 1994). A traceable electron density could be calculated and
the protein model was built using the soluble domain structures of E. coli and W.
succinogenes QFRs. The membrane anchor structure was considerably different from
those of the QFR models and had to be rebuilt from scratch. The atomic model building
was done in the program O (Jones et al. 1991).

The model was refined at 3.2  resolution using experimental phases in the program
CNS (Adams et al. 1997). The quality of the initial model was very poor (Rcryst = Rfree at
3.2 ) but calculation of a phase combination map using the program CNS significantly
improved the density and allowed for precise model building of side chains. After several
rounds of model building and map calculation, the Rcryst and Rfree are 27.1% and 32.9%
respectively at 2.7  resolution. The current monomer model contains 1040 residues (Fp
573, Ip 238, SdhC 123, SdhD 103), one FAD cofactor, one [2Fe-2S], one [4Fe-4S], one
[3Fe-4S], one heme b, one oxaloacetate and one ubiquinone. Refinement and phasing
statistics are given in table 3.3.
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3.2.4.3. Determination of the SQR-DNP17 complex structure

The structure of the SQR-DNP17 complex was solved by the difference Fourier
technique. Except for the DNP17 molecule, the model contained the same atoms as the
native structure. The SQR-DNP17 complex structure refined to Rcryst and Rfree of 26.7 and
32.6 % respectively at a resolution of 2.9 . Refinement and phasing statistics are given
in table 3.3

Table 3.3 Refinement statistics
Data set High resolution DNP17 complex

Resolution* 40.0-2.7 40.0-2.9
Rcryst (%)* 27.1 (37.4 ) 26.7 (21.5 )
Rfree (%)*# 32.9 (37.5 ) 32.6 (31.4 )
Average B-values 51.5 52.3
Rms deviations from ideal values
      Bond lengths ( ) 0.010 0.009
      Bond angles (¡) 1.4 1.4
      Dihedral angles (¡) 22.6 22.2
      Improper torsion angles (¡) 0.9 0.9
Ramachandran plot (non-Gly, non-Pro)
      Most favored regions (%) 70.3 68.1
      Additional allowed regions (%) 25.1 26.9
      Generously allowed regions (%) 4.0 4.3
      Disallowed regions (%) 0.6 0.7
*Statistics for highest resolution shell are given in parantheses.
Rcryst = Σh||F(h)obs|-|F(h)calc||/Σh|F(h)|

#Rfree was calculated as Rcryst for 5% of reflections randomly excluded from refinement.
Although data in the highest resolution shell has a high Rmerge (see table 3.2), they are still included since the low

Rcryst and Rfree suggests that they are useful for refinement.

3.2.5 Structure of SQR from E. coli

3.2.5.1. Overall structure

The overall structure of E. coli SQR is a trimer with a total MW of 360 kDa (fig 3.7).
The largest dimensions of the trimer are 120 x 120  along the membrane and the
membrane normal respectively. The monomers are tightly packed with a contact surface
area of 913 2 , which suggests that this is a physiological trimer. The formation of a
trimer seems to be common for SQRs. B. subtilis SQR (S. T rnroth, unpublished data)
and P. denitrificans SQR (D. Rees and M Stowell personal communication) crystallise in
the same space group R32 as E. coli SQR with similar cell dimensions (a=b=115 ,
c=663  for B. subtilis SQR; a=b=173 , c=349  for P. denitrificans SQR), indicating
that these enzymes form similar trimers. A preliminary study of chicken mitochondrial
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SQR has also suggested trimer formation (E. A. Berry, personal communication).
Except for the membrane anchor, the monomer structure of E. coli SQR is very similar

to both QFR structures. The structure of the SQR Fp and Ip subunits can be superimposed
onto their W. succinogenes and E. coli counterparts with an r.m.s. difference of 3.1 
(784 Cα atoms) and 2.5  (789 C α atoms) respectively using the program O (Jones et al.
1991).

3.2.5.2. Electron transfer

Electron transfer from succinate to ubiquinone in E. coli SQR occurs along a redox
centre chain extending almost 45  through the enzyme. It is composed of FAD, [2Fe-
2S], [4Fe-4S] and [3Fe-4S] (fig 3.8). All edge-to-edge distances between centres are
within the 4-14  limit for physiological electron transfer (Page, Moser et al. 1999) . The

a)

b)

c)

Figure 3.7 Overall structure of E. coli SQR. Fp,
Ip, membrane anchor subunits C and D are shown
in  magenta, brown, green and blue respectively.
FAD is shown in gold and oxaloacetate in green.
Heme b and ubiquinone are shown in magenta
and grey. Fe- and S-atoms of FeS-clusters are
painted red and yellow respectively. a) SQR
trimer viewed  parallel to the membrane b) SQR
trimer viewed from the cytoplasm along the
membrane normal. c) SQR monomer viewed
parallel to the membrane.
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periplasm
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chain is very similar to the one observed for E. coli QFR, except for the position of the
ubiquinone binding site (Iverson, Luna-Chavez et al. 2002). Heme b is not involved in the
electron pathway from succinate to ubiquinone. Instead, the electrons are directly
transferred to ubiquinone from the [3Fe-4S] cluster. Edge-to-edge distances between
[3Fe-4S] and ubiquinone is 7.2 , which is shorter than the distance between [3Fe-4S]

and heme b (9.5 ). This in combination with the higher redox potential of ubiquinone
(+75 mV) compared to heme b (+30 mV) suggests that the preferred electron transfer
pathway would be from the [3Fe-4S] cluster (redoox potential +65 mV) to ubiquinone
and not to heme b. However, in the absence of ubiquinone, electrons can be transferred
from [3Fe-4S] to heme b since the distance between them is short enough to allow this.
The presence of ubiquinone determines which direction the electrons take. In the absence
of ubiquinone, heme b functions as an electron sink.

3.2.5.3. The flavoprotein

The Fp subunit of SQR is very similar to that of W. succinogenes and E. coli QFR and
shares the same overall fold (fig 3.9a). It consists of four domains which includes a large
FAD-binding domain (residues 1-51, 140-241, 353-426) and a capping domain (residues
242-352). The FAD-binding domain contains a Rossmann type fold that provides the
binding site for FAD. FAD is covalently attached via an 8α-(N3)-histidyl-linkage to His
45. In the dicarboxylate binding site, electron density was found for what was assigned as
an oxaloacetate molecule. Oxaloacetate is a physiological inhibitor of SQR and QFR and
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Figure 3.8 Centre-to -
centre and edge-to-edge (in
parantheses) distances in 
between succinate binding
site, quinone binding site
and redox centres in E. coli
SQR.
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purified enzyme preparations contain oxaloacetate bound to the active site unless an
excess of substrate is added (Ackrell et al. 1989). The oxaloacetate interacts with a group
of histidines and arginines in a polar pocket close to FAD. The presence of oxaloacetate
causes the active site to adopt the closed conformation with the capping domain rotating
towards the FAD-binding domain, closing the active site to solvent.

3.2.5.4. The iron-sulphur protein

Similarly to the Fp, the structure of the SQR Ip subunit is also very similar to the Ip
subunits of W. succinogenes and E. coli (fig 3.9b). It contains three iron-sulphur clusters;
a [2Fe-2S], a [4Fe-4S] and a [3Fe-4S] type cluster. These are ligated by three groups of
conserved cysteines except for an aspartate being one of the ligands for the [2Fe-2S]
cluster. The Ip is organised into two domains; one with characteristics of [2Fe-2S]
containing ferredoxins and one with characteristics of bacterial ferredoxins that contain
[4Fe-4S] and [3Fe-4S] type clusters.

3.2.5.5. The membrane anchor

The E. coli SQR membrane anchor is made up of six transmembrane helices (helix I-
VI), SdhC and SdhD contributes three helices each, and contain one heme b  and a
ubiquinone reduction site (fig 3.10). It is considerably different from W. succinogenes and
E. coli QFR membrane anchors. When superimposed onto these, SQR membrane anchor
shows an r.m.s. difference of 7.6  (W. succinogenes , 225 Cα atoms) and 7.1  (E. coli ,
224 Cα atoms) using the program O  (Jones et al. 1991). Although the membrane anchors

Figure 3.9 Structure of a) the flavoprotein subunit (Fp; A) and b) iron-sulphur protein subunit (Ip;
B) of E. coli SQR. The FAD-binding domain and capping domain of  Fp are shown in light grey
and dark grey respectively.

a) b)
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are significantly different there are some similarities. The topology of the transmembrane
helices in the E. coli SQR membrane anchor is similar to those of E. coli QFR but the
positions are very different. Furthermore, the central 4 helix bundle from W. succinogenes
QFR which coordinates the hemes can be superimposed onto the same 4 helix bundle in
the SQR structure with an r.m.s. of 1.8  for 97 atoms using O  (Jones et al. 1991).

3.2.5.6. The ubiquinone binding site

In the native SQR structure, density for a ubiquinone molecule was found in between
the [3Fe-4S] cluster and heme b. The ubiquinone binding site was further characterised
using the inhibitor DNP17 which was found to bind in the same site. The location of the
quinone binding site in E. coli SQR is different from the location of the menaquinone
binding site found in E. coli QFR as characterised with the menasemiquinone analogue
HQNO (Iverson et al. 2002). This is probably due to the presence of heme. When the
HQNO molcecule from the E. coli QFR-HQNO complex structure is superimposed onto
the E. coli SQR structure, it clashes with a heme proprionate. The ubiquinone binding site
of E. coli SQR was instead found 180ß away around a membrane normal passing through
the [3Fe-4S] cluster (fig 3.11).

[3Fe-4S]

UQ

Heme b

Figure 3.10 Structure of E. coli SQR
membrane anchor .  [3Fe-4S] ,
ubiquinone (UQ) and heme b are
shown in space filling representations.
Membrane anchor subunits C and D are
shown in medium and dark grey
respectively.
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Fig 3.12 shows a close-up of the ubiquinone binding site with ubiquinone bound. A
superimposition of the DNP17 molecule onto the native structure is also shown. The
ubiquinone binding site is located in a cleft composed of residues from Ip (loop around
the [3Fe-4S] centre), SdhC (helix I) and SdhD (helix II). The side chains of Arg C31 and
Tyr D83 are hydrogen bonded to the O1 atom of the ubiquinone. Arg C31 also forms a
hydrogen bond to the 2-methoxy group of ubiquinone and a salt bridge with a heme
proprionate, as well as a salt bridge to the 3-nitro group of DNP17. This residue seems
essential for the function of the membrane anchor.

Many quinone binding sites reported so far have a histidine hydrogen bonded to the
ubiquinone O1 or O4 carbonyl groups (Rees et al. 1989; Deisenhofer et al. 1995; Xia et al.
1997; Iwata et al. 1998; Zhang et al. 1998). The ubiquinone binding site of E. coli SQR is
the first example of a tyrosine side chain serving as a quinone ligand instead. The possible
role of the aromatic sidechains of histidine and tyrosine could be to stabilise a
semiquinone, an unstable intermediate during quinone reduction, and thereby prevent
superoxide formation. The ubiquinone O4 carbonyl group is not ligated by a protein
sidechain. It is possible that this carbonyl is ligated by a water molecule as seen in
formate dehydrogenase-N (Jormakka et al. 2002). The proximity of O4 to the membrane
surface suggests that this could be connected to the cytoplasm through a water chain. The
hydrophobic environment of the ubiquinone binding pocket is formed by Ile C28, Pro
B160, Ile B209, Trp B163, Trp B 164 and Ser C207.

Figure 3.11 Structure of SQR membrane anchor with ubiquinone bound and HQNO superimposed for
comparison. The position of the HQNO molecule is taken from the E. coli QFR-HQNO complex
structure (PDB entry 1KF6) (Iverson 2002). HQNO is shown in dark grey and ubiquinone in light grey a)
View parallel to the membrane. b) View from the cytoplasm along  the membrane normal.

a) b)
UQHQNO

HQNO UQ
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The residues in the ubiquinone binding site, including the residues that are hydrogen
bonded to Arg C31 and Tyr D83, are strictly conserved among SQRs, including the
mitochondrial enzyme. Mutations in equivalent residues in the mitochondrial SQR cause
genetic disorders such as paraganglioma, strongly suggesting that mitochondrial SQR has
the same ubiquinone binding site as E. coli SQR (Ishii et al. 1998; Baysal et al. 2000;
Niemann and Muller 2000; Baysal et al. 2001; Senoo-Matsuda et al. 2001). Interestingly,
the same site is not conserved for QFRs. Fig 3.12 shows space filling models of a) the
ubiquinone binding site in E. coli SQR, b) the HQNO molecule from E. coli QFR-HQNO
complex structure superimposed onto the E. coli SQR structure and c) the ubiquinone
molecule from E. coli SQR superimposed onto the W. succinogenes QFR structure. This
clearly shows the inaccessibility of a possible ubiquinone binding site from the outside in
QFR. The equivalent situation is apparent in SQR where a possible menaquinone binding
site would also be inaccessible from the outside, indicating that these binding sites do not
exist.

R31(C)

UQ

[3Fe4S]

D82(D)

Y83(D)

I28(C)

H207(B)
W164(B)

heme b
proprionate

P160(B)

a)

R31(C)

Y83(D)

heme b
proprionate

UQ

b)

Figure 3.12 Close-up of the ubiquinone
binding site. a) and b) shows different
views of the ubiquinone binding site with
ubiquinone (UQ) bound. c) The
ubiquinone binding site with DNP17
bound. The position of the DNP17 is taken
from the SQR-DNP17 complex structure
and superimposed onto the native SQR
structure. Important amino acid residues
are labeled with one-letter code, number
and subunit; B; Ip, C; SdhC and D; Sdh D.
Dotted lines indicate bonds.

DNP

R31(C)

Y83(D)

[3Fe-4S]

H207(B)

c)
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3.2.6. Prevention of superoxide formation by SQR

3.2.6.1. The role of superoxide in genetic disorders involving SQR

The structure of E. coli SQR can be used to explain why mutations of certain residues
in and around the ubiquinone binding site cause hereditay paraganglioma. In the
nematode C. elegans, mutation of a glycine to a glutamate increases superoxide formation
and causes rapid ageing due to oxidative stress (Ishii et al. 1998). This residue is
equivalent to Ile C28 in E. coli SQR ubiquinone binding site. These mutants kept the
succinate oxidation activity, but lost the ability to transfer electrons to ubiquinone. The
observed increase of superoxide levels in this mutant C. elegans is explained by the
dysfunctional binding of ubiquinone to the ubiquinone binding site, which leads to
leakage of electrons to oxygen. Increased levels of superoxide formation is also assumed
to be the cause of hereditary paraganglioma, since patients with this disease also show
impaired ubiquinone reductase activity by SQR.

3.2.6.2. Structural features of SQR prevents superoxide formation

Superoxide formation by dysfunctional SQR is a serious hazard to the cell. Imlay has
studied superoxide formation by members of the SQR/QFR family and found that QFR
functioning as an SQR produces 120 times more superoxide than does SQR (Imlay 1995).
Superoxide is formed when reduced flavin is accessed by molecular oxygen. QFR
normally functions under anaerobic conditions and therefore does not need a safety

b) c)a)

Figure 3.13 Space filling model of a) the ubiquinone binding site in E. coli SQR. b) The ubiquinone molecule
(in white)from the E. coli SQR structure superimposed onto the W. succinogenes QFR structure (pdb entry
1QLA) (Lancaster et al 1999) showing that the ubiquinone binding site does not exist in QFR. c) The HQNO
molecule (in light blue) taken from E. coli QFR-HQNO complex structure (pdb entry 1KF6 (Iverson et al
2002) superimposed onto the E. coli SQR structure showing that the menaquinone binding site does not exist
in SQR.
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mechanism that prevents superoxide formation. SQR however, functioning in aerobic
environments, have developed a mechanism to prevent this.

The key difference between SQR and QFR lies in the arrangement of redox potentials
of the redox centres (fig 3.14). In the case of SQR, the high redox potential centres [3Fe-
4S] and heme b, which attract electrons, are in the proximity of the ubiquinone binding
site. In QFR, FAD and the [2Fe-2S] cluster have the highest redox potentials among the
redox centres, attracting electrons which may result in superoxide formation when QFR
catalyses the SQR reaction.

The binding of succinate and ubiquinone are not synchronised. Therefore two
electrons are often transferred from succinate to FAD while the quinone binding site is
empty. These electrons are kept at the redox centres until quinone binds and the reduction
can proceed. In the case of SQR, electrons are immediately removed from FAD to [3Fe-
4S] and heme b, keeping the flavin in an oxidised state. However, in QFR a considerable
amount of flavin stays reduced, leading to the possible transfer of electrons to molecular
oxygen resulting in increased levels of superoxide formation. The reason why facultative
bacteria such as E. coli express both SQR and QFR, although the two enzymes can
functionally replace each other can be explained by the fact that QFR is more efficient in
fumarate reduction under anaerobic conditions while SQR produces considerably less
superoxide under aerobic conditions.

Although heme b is not required for electron transfer from succinate to ubiquinone in
SQR, all SQRs contain one and sometimes two heme b molecules. The reason for this is
that heme b helps prevent superoxide formation by accepting electrons in the absence of
ubiquinone, functioning as an electron sink.

SQR QFR SQR QFR

FAD -55 mV -50 mV

[2Fe-2S] +10 mV -35 mV

[4Fe- -175 mV -310 mV

[3Fe-4S] +65 mV -67 mV

Heme b +36mV

Succinate
(-30 mV)

Ubiquinone
(+70 mV)

Redox potentials
O2

 Electron distribution

e- (leak)

Figure 3.14 Schematic diagram over electron transfer and distribution in SQR and QFR.

e-
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3.2.7. Summary of E. coli SQR structure

This work presents the structure of E. coli SQR at 2.7  resolution. It is the first
structure of an SQR and the first structure of any SQR/QFR with a membrane anchor
containing one heme. The soluble subunits are similar to their counterparts in E. coli and
W. succinogenes QFR while the membrane anchor is considerably different. A
ubiquinone binding site has been located in the membrane anchor in between the [3Fe-4S]
cluster and heme b. This location is different form the quinone binding site found in E.
coli QFR. A branched electron pathway from the succinate binding site to ubiquinone and
heme b has been proposed; in the presence of ubiquinone the electrons are directly
transferred from the [3Fe-4S] cluster to ubiquinone, while in the absence of ubiquinone
the electrons are transferred to heme b instead. The structure of SQR demonstrates how
this enzyme prevents superoxide formation, which otherwise could lead to oxidative
stress and disease conditions.
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4. FORMATE DEHYDROGENASE

4.1. OVERVIEW

Formate dehydrogenase (Fdh) is highly abundant in animals, plants, yeast and many
bacteria. This enzyme oxidises formate and the releasing the electrons to an electron
acceptor (Enoch et al. 1975). E. coli expresses three different formate dehydrogenases
depending on the growth conditions; Fdh-H, Fdh-N and Fdh-O.  Fdh-H is expressed
under anaerobic conditions in the absence of exogenous electron acceptors. It is a soluble
enzyme that, together with hydrogenase-3, forms the enzymatic components of the
formate-hydrogen lyase complex. This complex constitutes an important pathway of
anaerobic fermentation and oxidises formate to form H2 and CO2 (Axley et al. 1990).
Fdh-N and Fdh-O are larger membrane-bound complexes. Fdh-N is expressed during
anaerobic growth in the presence of nitrate and forms, together with nitrate reductase
(Nar), an important respiratory pathway under these conditions (Berg et al. 1991). Fdh-O
(also known as Fdh-Z) is an isozyme of Fdh-N that is expressed under aerobic conditions.
It is also associated with a nitrate reductase, Nar-Z. The physiological role of Fdh-O is
thought to be to ensure a rapid adaptation in case of a sudden shift between aerobic and
anaerobic growth before synthesis of the inducible pathway has reached a sufficient level
(Abaibou et al. 1995).

Figure 4.1 Schematic drawing
of Fdh-H, Fdh-N and Fdh-O
showing subunit and cofactor
composition. Fdh-H and the
Fdh-N/Fdh-O α-subunit are
shown in light grey, Fdh-
N/Fdh-O β-subunit is shown in
medium grey and Fdh-N/Fdh-O
γ-subunit is shown in dark grey.
Fdh-H is a part of the
membrane-bound formate
hydrogen lyase complex as
indicated. The topology of Fdh-
O is still unclear.

2xMGD

[4Fe4S]

4x[4Fe4S]

heme b

heme b

α

β

γ

2xMGD

[4Fe4S]
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Fdh-O ?

periplasm

cytoplasm
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hydrogen lyase
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4.1.1. Structural features of E. coli formate dehydrogenases

Fdh-H is a small soluble enzyme that consist of one subunit only (fdhF; 80 kDa),
while Fdh-N and Fdh-O are larger membrane-bound enzyme complexes with three
subunits; α (fdn/fdoG; 110 kDa), β (fdn/fdoH; 32 kDa) and γ (fdn/fdoI; 20 kDa) (fig 4.1)
(Axley, Grahame et al. 1990; Berg, Li et al. 1991; Benoit et al. 1998). The α-subunit of
Fdh-N and Fdh-O is highly homologous to Fdh-H and has the same cofactor composition.
All three E. coli formate dehydrogenases belong to a subgroup of the prokaryotic
molydopterin-containing oxidoreductase family that binds the bis-molybdopterin guanine
dinucleotide cofactor, bis-MGD. Other members of this subgroup are DMSO reductase
and dissimilatory nitrate reductase (Berks et al. 1995; Kisker et al. 1997). Furthermore,
formate dehydrogenases are the only E. coli enzymes that contain a selenocysteine
(SeCys) (Zinoni et al. 1986; Abaibou, Pommier et al. 1995).

Fdh-H and the α -subunits of Fdh-N and Fdh-O contain two bis-MGD, a
selenocysteine (SeCys) and a [4Fe4S] cluster. The Fdh-N and Fdh-O α-subunit forms a
large soluble domain together with the β-subunit which is predicted to also contain one
transmembrane segment and four [4Fe4S] clusters. The γ-subunit is the integral
membrane subunit containing two heme b molecules and the menaquinone binding site
(Axley, Grahame et al. 1990; Gladyshev et al. 1994; Benoit, Abaibou et al. 1998).

4.1.1.1. Crystal structure of E. coli Fdh-H

The structure of E. coli Fdh-H was solved in 1997 (pdb entries 1AA6, 1FDO, 1FDI)
(fig 4.2) (Boyington et al. 1997). The enzyme consist of four domains (I-IV). The MGD-
binding domains II and III showed an overall topology that closely resembles the classic
dinucleotide-binding fold (ref 10 Boyington paper). The [4Fe4S] cluster is coordinated by
residues in domain I. SeCys is located in a short loop at the NH2-terminus of domain III.
Depending on the redox status of the enzyme, the active site adopts different
conformations. The structure was solved in both the reduced and oxidised form,
characterised by the molybdenum atom (Mo) being in MoIV and MoVI state respectively
(ref no 40) (fig 4.2). In both forms the four cis-dithiolene sulphurs of the MGD cofactors
and the SeCys are ligating the Mo atom. In the oxidised MoIV state there is an additional
sixth ligand which in the structure was modelled as a hydroxyl group. The oxidised
structure also revealed a new water molecule, w64, as being able to interact with His 141
and Arg 333. These two residues are conserved within all Mo-dependent formate
dehydrogenases. The oxidised structure was also solved in the presence of the inhibitor
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nitrite. Nitrite was shown to displace the hydroxyl ligand and w64. Formate was modelled
into the active site based on the nitrite position and a mechanism for formate oxidation
was proposed (fig 4.3).

4.1.1.2. Formate oxidation mechanism

Catalysis begins with formate replacing the Mo-bound hydroxyl in the [MoIV, 4Fe4S] state of

the enzyme. Binding of formate is probably stabilised by interaction with His 141 and Arg 333.

Subsequent oxidation of formate to carbon dioxide transfers two electrons to the Mo centre,

leading to the release of the formate α-proton to His 141 through SeCys. The next step is to

shuttle the electrons one at a time via Lys 44 to the [4Fe-4S] cluster and further on to an

exogenous electron acceptor. Once the Mo centre has been reoxidised, the formate-derived

proton at His 141 can be released to the solvent. Since Fdh-H is highly homologous to the α-

subunit of Fdh-N and Fdh-O, this formate oxidation mechanism was proposed to be valid for all

E. coli formate dehydrogenases

a) b)

Figure 4.2 Crystal structure of Fdh-H from E. coli (PDB entries 1AA6, 1FDO, 1FDI) (ref Boyington
et al. 1997)). a) Overall structure. b) Structure of the active site in the oxidised (dark grey) and
reduced form (light grey). MPT stands for molydopterin guanosine dinucleotide.

Figure 4.3 Proposed formate
oxidation mechanism for E. coli
Fdh-H. The position of the
formate molecule is modeled
based on nitrite in the nitrite-
Fdh-H complex structure (PDB
entry 1FDI) (ref Boyington).
MPT stands for molybdopterin
guanosine dinucleotide.
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4.1.2. The Nar/Fdh-N redox loop

During anaerobic growth of E. coli in the presence of nitrate, a respiratory chain
consisting of Fdh-N and nitrate reductase (Nar) is expressed. The two enzymes are linked
via the menaquinone/quinol pool in the membrane. Nar belongs to the same family of
MGD-containing enzymes as Fdh-N and is structurally very similar.  It also consists of
three subunits, equivalent to subunits α, β  and γ, and has the same cofactor distribution.
There are some slight differences however. First, the β-subunit of Nar does not have a
transmembrane segment. Secondly, a  [3Fe4S] cluster replaces one of the [4Fe4S] clusters
in the β-subunit (Berks et al. 1995).
  The Nar/Fdh-N system has been heavily studied and has been proposed to form a
redox loop (Jones 1980) (fig 4.4). The electrons released during formate oxidation flow
from the periplasmic side within Fdh-N to the menaquinone reduction site. Two protons
are picked up from the cytoplasmic side of the membrane to reduce menaquinone to
menaquinol. Menaquinol then diffuses across the membrane to nitrate reductase where it
is reoxidised, resulting in the release of two protons to the periplasm. The two electrons
released are transported within the enzyme across the membrane to the nitrate reduction
site at the cytoplasmic side. Overall there is a net translocation of 2H+/electron.

In order to confirm this model, two critical issues need to be resolved. First, the
membrane topology of the Fdh-N α-subunit needs to be determined. It is generally

periplasm

cytoplasm

CO2+H+

2xMGD

[4Fe4S]

4[4Fe4S]

b

b

HCOO-

2e-

2e-
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Figure 4.4 Schematic drawing of the Nar-Fdh-N redox loop and a proposed mechansim for proton motive
force generation by this system. MK, menaquinone; MKH2, menaquinol; b, heme b; MGD, molybdopterin
guanosine dinucleotide; FeS, iron-sulphur cluster.
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accepted that the α-subunit of Nar exists on the cytoplasmic side of the membrane
(Blasco et al. 2001). To indeed form a redox loop, the α-subunit of Fdh-N therefore has
to be located on the periplasmic side. This has not yet been definitively proven. Secondly,
the side of the membrane from which protons are taken up to the Fdh-N menaquinone
binding site is yet to be determined. The menaquinol binding site of Nar has been shown
by EPR studies to be located close to a heme b on the periplasmic side (Blasco et al.
2001)

4.2. STRUCTURAL STUDIES ON E. COLI FDH-N

4.2.1. Expression, purification and crystallisation

4.2.1.1. Expression, membrane preparation and solubilisation

Fdh-N was expressed in the E. coli strain GL101 (Lemieux et al. 1992) grown in LB
with necessary additives (sodium selenite, ammonium molybdate, sodium nitrate) under
anaerobic conditions. Anaerobic growth was achieved by filling a carboy to the neck with
medium and sealing it to prevent aeration (for details see paper III). The cells were treated
with lysozyme, disrupted by sonication and the membranes were isolated, all as
previously described (Abramson et al. 2000). After resuspending the membranes in a
small volume, the proteins were solubilised with 1% n-dodecyl-β-D-maltoside (DDM).
After removing lipid and debris by centrifugation at high speed (100 000g) for 30 min, the
sample was ready for subsequent purification.

4.2.1.2. Purification

The purification scheme consisted of three chromatographic steps; an anion exchange
step, a gel filtration step followed by a final anion exchange step (for details see paper).
All buffers contained 0.03% DDM and Tris-HCl pH 8.5. In the anion exchange steps the
protein was eluted with a 0-100% 1M NaCl gradient. During all steps, the run was
monitored by measuring the absorbance at 416 nm, the absorption peak for heme b. In
between steps the protein sample was concentrated using an Amicon cell with a 100 kDa
cutoff. Throughout this procedure, Fdh-N was shown to co-purify with Nar, resulting in
an impure protein sample. However, this impurity did not prevent crystallisation.
Examination of the crystals with SDS-PAGE confirmed that they contained Fdh-N alone.
Thus, crystallisation worked as a purification step in itself (for details see paper III) .
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4.2.1.3. Crystallisation

Before crystallisation the detergent in the protein sample was changed from 0.03%
DDM to 1% n-Octyl-β-D-glucoside (OG) and the pH of the sample buffer was lowered
from 8.5 to 7.5 by several washes through a 100 kDa MW cut-off Amicon cell. The final
concentration of the protein in the sample was 15-20 mg ml-1. Crystals were obtained
using the hanging-drop vapour-diffusion technique. The protein solution was mixed in a
1:1 ratio with the reservoir solution and crystallisation trials were performed at 277 K. For
initial screening a crystallisation screening kit specially developed for membrane proteins
was used (Abramson and Iwata 1999).The best crystals grew with a reservoir solution
containing 100 mM HEPES-NaOH, pH 7.5-8.2, 6-12% (w/v) PEG 1500, 100 mM NaCl
and 5% EtOH.  They appeared in less than a week and reached their final size within two
weeks with maximum dimensions of 0.1 x 0.1 x 0.05 mm (fig 4.5). They belong to the
cubic space group P213 with cell dimensions of 203 . The high solvent content (66%) is
in agreement with those reported for other membrane protein crystals (Ostermeier et al.
1995; Iwata et al. 1998; Abramson et al. 2000). Properties of these crystals are shown in
table 4.1.

4.2.1.3.1. Preparation of Fdh-N-HQNO complex crystals

A number of  crystals were soaked in reservoir solution containing the inhibitor 2-n-
heptyl-4-hydroxyquinoline N-oxide (HQNO). This is a menasemiquinone analogue which
is thought to bind in the menaquinone binding site in similar fashion to menaquinone. The
soaking was done for 24 h with a HQNO concentration of 1 mM.

Figure 4.5 Crystal of Fdh-N
from E. coli

Table 4.1 Crystallisation statistics
Space group a=b=c=203
Cell dimensions ( ) P213
No molecules / asym. unit 1
Solvent content (%) 66
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4.2.2. Data collection

Prior to data collection the crystals were soaked in cryo-solutions containing
increasing concentrations of PEG 1500 and glycerol. Fdh-N crystals diffracted X-rays to
1.6  (fig 4.6). A complete data set to this resolution was collected at the ESRF ID14-
EH3. To solve the phase problem the 22 intrinsic irons were used and MAD data at three
different wavelengths at the iron K-edge was collected to 2.5  at the ESRF ID29. The
optimal wavelengths for the peak, inflection and remote data sets were found by an
absorption edge scan on a single crystal. A second native data set was collected to 2.8 
on crystals soaked in HQNO. All data was collected on frozen crystals at 100 K. Image
data were processed using the HKL  program package (Otwinowski 1993).  Data
collection statistics are given in table 4.2.

Figure 4.6 Diffraction
pattern of an E. coli Fdh-N
crystal diffracting to 1.6 .

1.8

1.6
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Table 4.2 Data collection and phasing statistics

Data set Inflection Peak Remote
High
resolution

HQNO
complex

Wavelength ( ) 1.7415 1.7382 0.9150 0.9333 0.9150
Resolution ( ) 40.0-2.5 40.0-2.5 40.0-2.5 40.0-1.6 40.0-2.8
Total obs. 503,809 431,166 450,882 909,888 159,443
Unique refl. 95,911 93,876 93,929 342,711 61,817
Redundancy 5.3 4.8 4.6 2.7 2.6
Completeness (%)* 100.0 (100.0) 97.2 (84.7) 97.6 (87.6) 94.9 (93.3) 90.8 (74.9)
Rmerge (%)*# 7.7 (18.6) 7.4 (16.3) 7.3 (24.7) 8.0 (72.2 ) 8.8 (20.9)
Phasing power⁄ 0.85 0.76 - - -

*Statistics for highest resolution shell are given in parantheses.
#Rmerge= ΣhΣi|Ii(h)- I(h) |  ΣhΣi(h), where Ii(h) is the ith measurement.
The last shell Rmerge for the high resolution data is high due to radiation damage in the later images. The low Rcryst and

 Rfree  for the data in this shell (see table 4.3) however suggest that they are still useful for refinement and are therefore
 included
⁄ Phasing power is the rms value of Fh divided by rms lack-of-closure error.

4.2.3. Structure determination

4.2.3.1. Native Fdh-N structure

Using the program Shake and Bake (Weeks et al. 1999) it was possible to find the
positions for the five iron-sulphur clusters from the MAD data.  From these positions,
initial phases to 2.8  were calculated using the program MLPHARE  and eventually
improved and extended to 2.2  by density modification using the program SOLOMON.
Both these programs are included in the CCP4 program suite (CCP4 1994). The maps
calculated after phase extension was readily interpretable and used for automatic model
building using the ARP/wARP program suite (Perrakis et al. 1999). At the same time the
phases were extended to 1.6  using the high resolution data set. The program was able to
place 1280 of the 1487 residues in the protein with an Rcryst and Rfree of 18.4 and 22.4%
respectively. The remaining residues and cofactors were built in manually using the
program O (Jones et al. 1991). Further refinement, including placing of water molecules,
was done in the programs ARP and CNS (Adams et al. 1997). The native structure was
refined to 1.6  with an R cryst and Rfree of 17.7 and 19.5% respectively. The monomer
model contains 1487 residues (α-subunit 982, β-subunit 289 and γ-subunit 216), two
MGDs, five [4Fe4S] clusters, two heme b and 1990 water molecules. In addition, density
was found for what was interpreted to be a cardiolipin molecule. Cardiolipin is a
membrane lipid originating from the E. coli cytoplasmic membrane. Refinement and
phasing statistics are given in table 4.3.
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Table 4.3 Refinement statistics

Data set High resolution HQNO complex

Resolution* 40.0-1.6 (1.6-1.66) 40.0-2.8 (2.80-2.90)
Rcryst (%)* 17.7 (29.4 ) 19.8 (34.4)
Rfree (%)*# 19.5 (32.6 ) 23.9 (35.3)
Average B-values 26.3 37.1
Rms deviations from ideal values
      Bond lengths ( ) 0.007 0.014
      Bond angles (¡) 1.5 3.2
      Dihedral angles (¡) 22.9 23.7
      Improper torsion angles (¡) 2.8 3.6
Ramachandran plot (non-Gly, non-Pro)
      Most favoured regions (%) 88.8 88.4
      Additional allowed regions (%) 10.0 11.3
      Generously allowed regions (%) 0.2 0.2
      Disallowed regions (%) 0.1 0.1

*Statistics for highest resolution shell are given in parantheses.
Rcryst = Σh||F(h)obs|-|F(h)calc||/Σh|F(h)|

#Rfree was calculated as Rcryst for 1% of reflections randomly excluded from refinement.
Although data in the highest resolution shell has a high Rmerge (see table 4.2), they are still included since the low Rcryst

and Rfree suggests that they are useful for refinement.

4.2.3.2. Fdh-N/HQNO complex structure

The Fdh-N structure in complex with HQNO was solved using the difference Fourier
technique. The model contained the same atoms as the native structure, including all
water molecules and the cardiolipin, except for the HQNO molecule. Density for HQNO
was found close to the distal heme b. The Rcryst and Rfree for the Fdh-N/HQNO complex
structure refined to 2.8  are 19.8% and 23.9% respectively. Refinement and phasing
statistics are given in table 4.3.

4.2.4. Structure of Fdh-N from E coli

4.2.4.1. Overall structure

The structure of Fdh-N was solved to 1.6  resolution. This is the highest resolution
reported for a membrane protein complex to date. The overall structure is  a mushroom-
shaped trimer with a total molecular mass of 510 kDa (fig 4.7). The monomers are related
by a crystallographic threefold axis. However, findings in the structure strongly suggest
that this is a physiological and not a crystallographic trimer. First, the monomers are
tightly packed with a contact surface of ~5254 2 . Secondly, the cardiolipin found in the
structure is located in between monomers, at the trimer interface. Since this is a
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phospholipid derived from the E. coli membrane, this is a strong indication that the trimer
has been kept intact throughout the purification and crystallisation procedure. The NH2-
and COOH-termini of the γ-subunit have consistently been reported to be located in the
cytoplasm. From the structure it can be seen the distance between these NH2- and COOH-
termini and the α- and β-subunits is too large for them to be located on the same side of
the membrane. The α- and β-subunits should therefore be located on the periplasmic side.

The redox centres in each monomer are aligned in a single chain, which spans the
entire enzyme (fig 4.7). The total length of the chain is almost 90 , making this the
longest electron transfer chain known in any biological system to date. Since the shortest
distance between redox centres in different monomers is more than 26 , electron transfer

a)

b)

c)

Figure 4.7 Overall structure of E. coli Fdh-N.
The figures are based on the native structure
except for the position of HQNO which is
based on the Fdh-N-HQNO complex
structure. α-, β- and γ-subunits are shown in
brown, blue and magenta respectively. MGD
and heme are shown in green, Mo in magenta,
cardiolipin in yellow and HQNO in navy. The
FeS-clusters are in red (Fe) and yellow (S).  a)
Fdh-N trimer viewed parallel to the
membrane. b) Fdh-N trimer viewed from the
periplasm along the membrane normal. c) The
Fdh —N monomer viewed parallel to th
membrane with edge-to-edge distances in 
between redox centres.
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between monomers is not likely. The Mo atom takes up the electrons directly from
formate and transfers them within the α-subunit to the FeS-0 centre. From FeS-0, the
electrons are passed on to the β-subunit clusters in the following order: FeS-1, FeS-4,
FeS-2 and FeS-3. FeS-3 transfers the electrons to heme bP (P for periplasm) and finally
they reach heme bC (C for cytoplasm) where the menaquinone reduction takes place.
Edge-to-edge distances between centres are all within the reported limit for physiological
electron transfer, ranging between 6.0  (MGD to FeS-0) and 10.7  (between hemes)
(Page et al. 1999). The difference in standard electron potential between formate and
menaquinone is 345 mV, making this electron transfer a highly exergonic reaction. This
allows for electron transfer to take place against the membrane potential.

4.2.4.2 The α-subunit

The core structure of the α-subunit of Fdh-N is highly similar to the Fdh-H structure.
The two enzyme structures can be superimposed with a root mean square deviation
(r.m.s.) of 1.9  for 599 C α atoms. The α-subunit of Fdh-N is however considerably
larger, 982 residues as compared to 715 for Fdh-H.  In addition to the Fdh-H equivalent
domains I-IV, Fdh-N contains a domain V inserted in between domains III and IV (fig
4.8). This domain is not conserved among other MGD-containing enzymes. It forms the
surface towards both the outer membrane and the trimer interface. Domain I constitutes
the [4Fe4S] binding domain. The formate oxidation site is located in the bottom of a cleft
formed between domains II and III. This cleft is connected to a hole in the middle of

Figure 4.8 Structure of the α-subunit. The five domains are numbered I-V.
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domain V and together they form a channel lined by positively charged residues. In the
structure this channel is occupied by many solvent molecules, including one HEPES
molcule, which may indicate a binding site for a yet to be identified regulatory molecule.

4.2.4.2.1. The formate oxidation site

Since the crystals were obtained from naturally oxidised protein it is likely that the
structure represents the oxidised MoIV form of the enzyme. The four cis-thiolate groups
from the two MGD cofactors, the selenate group of SeCys and a water molecule (w48)
coordinate the Mo (fig 4.9). This is the same coordination pattern as seen in the oxidised
Fdh-H structure. The distance between the Mo atom and the oxygen of w48 is 2.2 ,
indicating that this ligand is a hydroxide group and not an oxo group. When the Fdh-H-
nitrite complex structure is superimposed onto the Fdh-N structure, the NO2

- is placed on
two water molecules, the Mo ligand w48 and w630. This indicates where formate would
bind in the active site. W630 is hydrogen bonded to Hisα197,a residue that has been
proposed to be involved in formate α-proton removal by EPR (Khangulov et al. 1998). In
the mechanism proposed for the Fdh-H structure however, the same proton removal has
been assigned to SeCys. The close proximity of the Nδ1 atom of Hisα197 to the modeled
formate α-proton in the Fdh-N structure supports the involvement of Hisα197 rather than
SeCys.

Figure 4.9 2|Fo|-|Fc| electron
density map and atomic model
around the formate oxidation site.
The position of the inhibitor
nitrite, taken from the Fdh-H-
nitrite complex structure (pdb
entry 1FDI), has been modeled in
for reference. The map is
contoured at 1σ.
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4.2.4.3. The β-subunit

The β-subunit consist of two domains, an extrinsic domain, which binds the four [4Fe-
4S] clusters, and a C-terminal transmembrane helix (tmβ) (fig 4.10). The core region of
the extrinsic domain belongs to a superfamily of four FeS cluster binding domains that
can be found in many membrane-bound oxidoreductases, such as DMSO reductase,
nitrate reductase, [NiFe] hydrogenase and thiosulphate reductase (Berks et al. 1995). The
region can be subdivided into four sections, which repeat the same [4Fe-4S] cluster
binding motif. From the structure it can be seen that the four sections form two
subdomains binding two clusters each. The two subdomains are related by approximate
twofold symmetry and can be superimposed with an r.m.s. deviation of 1.9  for 56
Cα atoms. The fold of each subdomain is similar to that of 2[4Fe-4S] ferredoxins which
has a local twofold symmetry between two [4Fe-4S] clusters (Sieker et al. 1972). The four
[4Fe-4S] clusters can be divided into two groups depending on the environment. FeS-1
and FeS-3 are bound close to the surface while FeS-2 and FeS-4 are buried within the
extrinsic domain. The differences in environment and interactions with the protein could
influence the redox potentials of the clusters.

Figure 4.10 Structure of the
β−subunit viewed parallel to the
membrane. An approximate
two-fold axis between the two
subdomains is indicated by the
dotted line.
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4.2.4.4. The γ-subunit

The γ-subunit is a membrane-bound cytochrome b. It consists of four transmembrane
helices that adopts a four helix bundle and coordinates two heme b, heme bP and bC (fig
4.11). Although all four helices are involved in maintaining the two hemes, only three of
the helices provide the heme ligands. Heme bP is coordinated by Hisγ57 of tmγ II and
Hisγ155 of tmγ IV while heme bC is coordinated by Hisγ18 of tmγ  I and Hisγ169 of tmγ  IV.
This coordination pattern is different from that seen in the other two structurally known
cytochrome b subunits, those from cytochrome bc1 complex (Iwata et al. 1998) and
fumarate reductase (Lancaster et al. 1999). The cytochrome b subunits in these enzymes
are also forming a four helix bundle that coordinates two heme b, however, the heme
ligands are provided by two helices (cytochrome bc1 complex) or all four helices
(fumarate reductase).

4.2.4.4.1. The menaquinone binding site

The menaquinone binding site was characterised by solving the Fdh-N-HQNO complex
structure at 2.8  resolution (fig 4.12). HQNO, being a menasemiquinone analogue,
should bind to the same binding site and in the same manner as menaquinone. The HQNO
binding pocket is located at the cytoplasmic side of the membrane close to heme bC, and

Figure 4.11 Structure of the integral
membrane domain viewed parallel
to the membrane. Transmembrane
helices from the γ -subunit are
numbered from tmγ I to tmγ IV, and
the helix from the β -subunit is
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is formed by residues from tmγ II and III and the loop in between the these two helices.
The heme ligand Hisγ169 is directly involved in quinone binding by forming a hydrogen
bond with the N-oxide group of HQNO (homologous to O1 of menaquinone). The OH-
group of HQNO (equivalent to O4 of menaquinone) seems to be ligated by a water
molecule, w1990 or Asnγ110 . The residue equivalent to Asnγ110 . in W. succinogenes [NiFe]
hydrogenase has been shown to be important for quinone reduction (Biel et al. 2002). In
the Fdh-N structure, Asnγ110 is only 3.5  away. but the resulting CO-N angle (85…) is not
suitable for stable hydrogen bond formation. W1990 is connected to the cytoplasmic
space via a water chain. This seems to be a pathway for proton uptake to the menaquinone
binding site. In the presence of HQNO there is no direct connection to Hisγ169, however in
the native structure the water chain extends all the way to Hisγ169.

4.2.4.5. Quinone reduction mechanism

Assuming that the menaquinone binding site is the same as that for HQNO, the
menaquinone reduction mechanism by Fdh-N can be described as follows (fig 4.12).
(1) Menaquinone binds to the site from the membrane. Hisγ169 forms a hydrogen bond
with the menaquinone O1 atom. A water channel is formed connecting the menaquinone
O4 atom to the cytoplasmic space. (2) The first electron is transferred from heme to
menaquinone. Via the water channel, a proton is picked up from the cytoplasm to the O4

atom to neutralise the charge. The resulting menasemiquinone is thought to be very
similar to the HQNO complex structure. (3) Transfer of the second electron reduces

a) b)

Figure 4.12 a) The menaquinone
binding site with HQNO bound. Water
molecules in a possible pathway from
the cytoplasm to the menaquione
binding site are shown. See text for a
proposed menaquinone reduction
mechanism. b) |Fo|-|Fc| electron density
map and atomic model of HQNO in
the menaquinone binding site. The map
was contoured at 3σ.
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menasemiquinone to menaquinol. A second proton needs to be picked up by the O1 atom
to neutralise the charge. Since there is no connection between O1 atom and the cytoplasm,
the proton is taken up from Hisγ169 instead and menaquinol is released. The deprotonated
Hisγ169 is very unstable and a proton is immediately picked up from the cytoplasm through
the extended water channel to reprotonate this residue.

4.2.5. Proton motive force generation by the Nar/Fdh-N system

The Fdh-N structure shows that the Fdh-N α - and β-subunits are located on the
periplasmic side of the membrane while the menaquinone binding site is located at the
cytoplasmic side. This, in combination with the topological information available for Nar,
which places the α-subunit and the menaquinone binding site on the cytoplasmic and
periplasmic side respectively, proves that this system is forming a redox loop (fig 4.4).
The pmf generation can be summarised in two steps: (1) Two protons, which are taken up
from the cytoplasm to the menaquinone reduction site in Fdh-N, are translocated across
the membrane to the menaquinol oxidation site in Nar where they are released on the
periplasmic side. (2) Two electrons are transferred from the formate oxidation site in the
periplasm to the NO3

- reduction site in the cytoplasm. This generates a membrane
potential equivalent to the translocation of 2H+ across the membrane. In total this is
consistent with the measured ratio of proton translocation to electron transfer in this
system; 2H+/ 1 electron (Jones 1980).

4.2.6. Summary of the E. coli Fdh-N structure

The structure of the anaerobic respiratory complex Fdh-N has been solved to 1.6 
resolution. It is the highest resolution structure of a membrane protein complex to date.
The overall structure is a physiological trimer. The monomer contains the redox centres
aligned in a chain that extends almost 90  through the enzyme. This is the longest
electron transfer chain known in any biological system to date. The soluble subunits are
located on the periplasmic side of the membrane while the menaquinone binding site is
located on the cytoplasmic side. This proves that Fdh-N is forming a redox loop together
with Nar. Furthermore, a menaquinone reduction mechanism has been proposed and the
molecular basis of pmf generation by the Nar/Fdh-N redox loop is shown.
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5. CONCLUDING REMARKS

SQR and Fdh-N have key roles in cellular metabolism. SQR is the link between the
TCA cycle and the aerobic respiratory chain while Fdh-N is a member in one of the major
anaerobic respiratory pathways, nitrate respiration. The two enzymes, although being
involved in respiratory processes under distinct conditions and with different substrates,
show remarkable structural similarities in their overall design.

The enzymes are designed to couple substrate oxidation in the cytoplasm (SQR) or
periplasm (Fdh-N) to quinone reduction in the membrane. SQR couples succinate
oxidation to ubiquinone reduction while Fdh-N couples formate oxidation to
menaquinone reduction. In both cases, the substrate oxidation site is located in a large
soluble domain and the quinone reduction site is located in a smaller membrane-integral
domain. The electrons derived from substrate oxidation are transferred to the quinone
reduction site along a single chain of iron-sulphur clusters with different redox potentials.
The membrane-integral domain of both SQR and Fdh-N is a cytochrome b with a four-
helix bundle coordinating one heme b (SQR) or two heme b (Fdh-N).

The monomers of SQR and Fdh-N are related by crystallographic three-fold axis,
forming a trimer. The monomers are tightly packed and the large contact surface area
between them suggests that they form physiological trimers. In the case of Fdh-N, the
cardiolipin molecule found between the monomers further support this. The distances
between redox centres in different monomers are to large for electron transfer to occur
between monomers indicating that although the trimers are physiological, the monomers
function individually.

The quinone binding sites of SQR and Fdh-N are different. Fdh-N has a menaquinone
binding site located on the cytoplasmic side of the membrane, close to heme b. One of the
histidines ligating the heme is directly involved in menaquinone binding and electron
transfer to menaquinone occurs via this residue. A water channel extending from the
cytoplasm to the menaquinone constitutes a probable pathway for proton uptake.

The ubiquinone binding site of SQR is also located on the cytoplasmic side in between
an iron-sulphur cluster and heme b. The ubiquinone is held in place by interactions with a
tyrosine and an arginine. Heme is not directly involved in quinone binding or electron
transfer. Instead, the electrons are transferred from the iron-sulphur cluster to ubiquinone
directly.
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Although both SQR and Fdh-N contain heme b the role of the hemes are different. In
Fdh-N, the two hemes are both in the electron pathway to quinone and heme bc is directly
involved in electron transfer. In SQR, heme is not involved in the preferred electron
pathway to quinone but functions as an electron sink, thereby helping to prevent
superoxide formation.

SQR and Fdh-N both contribute to pmf-formation. Fdh-N forms a redox loop with
dissimilatory nitrate reductase, a process which results in the translocation of two protons
from the negative side (cytoplasm) to the positive side (periplasm) and two electrons from
the positive side to the negative. The net result is equivalent to an overall proton
translocation of 2H+/1 electron. SQR forms a slightly different type of redox loop with
cytochrome bc1 complex; the quinol formed by SQR is subsequently utilised in the Q-
loop. If only SQR and cytochrome bc1 complex are considered there is net proton
translocation of 1H+/1 electron with no electron translocation contributing to pmf.
However, when the entire aerobic electron transport chain is taken in to account, it is
apparent that this pathway is more efficient in pmf generation and therefore, aerobic
respiration is preferred.
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