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1 Zusammenfassung

Abhidngig von ihrer Umwelt und ihrem physiologischen Zustand bilden Bakterien
unterschiedliche Elektronentransportketten aus. Elektronentransportsysteme in der
inneren Membran iibertragen Elektronen von verschiedenen Elektronendonoren wie
NADH, organischen Molekiilen oder Wasserstoff an l6sliche Elektronenakzeptoren wie
z.B. Sauerstoff, Nitrat oder Sulfat. Da Geobacter-Arten zu den vorherrschenden
Mikroorganismen in vielen Bodenhabitaten gehoren, wo die dissimilatorische
Metallreduktion den dominierenden  Stoffwechelprozess darstellt, ist der
Elektronentransport innerhalb der Bakterien zu den unloslichen Eisen(III) oxiden
besonders interessant. Ziel der vorliegenden Arbeit war, die Funktion der
periplasmatischen c-Typ Cytochrome CcpA und MacA des d-Proteobakteriums
Geobacter sulfurreducens aufzukldren und beide Proteine biochemisch wie auch
strukturell zu charakterisieren.

Bakterielle Cytochrom ¢ Peroxidasen sind eine weit verbreitete Familie von
periplasmatischen Enzymen, die Elektronen aus dem zentralen Stoffwechsel erhalten
und die Reduktion von Wasserstoffperoxid mit Hilfe des Him-Kofaktors katalysieren.
Die beiden Proteine aus Geobacter sulfurreducens wurden im Hinblick auf Peroxidase-
Aktivitdt untersucht, welche auch tatsdchlich nachgewiesen werden konnte. Bei CcpA
wie auch bei MacA handelt es sich also um Cytochrom c¢ Peroxidasen, deren
physiologischer Elektronendonor allerdings noch unbekannt ist. Eine direkte
Beteiligung von CcpA und MacA am Elektronentransport zu unloslichem Eisen wird
angenommen (Butler et al., 2004), konnte aber bislang nicht eindeutig nachgewiesen
werden und erscheint auf der Basis der Ergebnisse der vorliegenden Arbeit eher
unwahrscheinlich.

Da die Struktur der homologen Cytochrom c¢ Peroxidase aus dem Organismus
Pseudomonas aerugiosa gelost ist (Filop et al, 1995), war es moglich, die
Kiristallstrukturen von CcpA und MacA durch Molekularen Ersatz zu bestimmen. CcpA
und MacA bilden Dimere und besitzen jeweils zwei Himgruppen pro Monomer, wobei
sich die Hadmgruppen in zwei verschiedenen Domidnen befinden. Im hydrophoben

Interface zwischen den beiden Doménen befindet sich ein Calciumion, das
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wahrscheinlich der Stabilisierung der Reste, die am Elektronentransfer zwischen den
beiden Hamgruppen beteiligt sind, dient. Die Strukturen von CcpA und MacA sind den
Strukturen der schon bekannten Cytochrom ¢ Peroxidasen sehr dhnlich. Der Vergleich
zeigt weiterhin, dass der Hauptunterschied zu den schon bekannten Cytochrom c
Peroxidasen aus anderen Organismen hauptsdchlich vom Austausch geladener Reste an
der Oberfldche herriihrt, wodurch die Proteine aus Geobacter sulfurreducens deutlich
basischer sind.

Das als ,,rubber oxygenase* bezeichnete Protein RoxA aus Xanthomonas sp. Stamm
35Y ist ein 74.1 kDa groBles, Dihdm-Cytochrom ¢, das in vitro zur Spaltung von
Kautschuk in der Lage ist. Die Struktur von RoxA wurde durch Multiwavelength
Anomalous Dispersion-Phasierung (MAD) gelost und bis zu einer Aufldsung von 1.8 A
verfeinert. In den Datenbanken wurden keine Strukturen gefunden, die eine signifikante
Ahnlichkeit zu der Gesamtstruktur von RoxA zeigen. Allerdings weist der Bereich, in
dem sich die beiden Hamgruppen befinden, strukturelle Homologien zu bakteriellen
Dihdm-Cytochrom ¢ Peroxidasen auf. Die beiden Hamgruppen sind anndhernd
senkrecht zueinander angeordnet, wobei die beiden Eisenatome 21.5 A voneinander
entfernt sind. Aminosdurereste, denen eine essentielle Rolle im FElektronentransfer

zwischen den Hamgruppen nachgesagt wird, sind in der Struktur von RoxA vorhanden.
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2 Summary

Bacteria express various electron transport chains depending on their environment and
their physiological state. Membrane electron transport systems carry electrons from a
number of different electron donors such as NADH, organic molecules or hydrogen to a
variety of soluble electron acceptors, e.g. oxygen, nitrate or sulfate. As members of the
Geobacteraceae are the predominant microorganisms in a variety of subsurface
environments in which dissimilatory metal reduction is an important process, the
electron transfer chain to insoluble Fe(IIl) oxides is of special interest. The purpose of
the present work was to elucidate the function of the periplasmic diheme cytochromes ¢
CcpA and MacA from the o-proteobacterium Geobacter sulfurreducens and to
biochemically and structurally characterize both proteins.

Bacterial diheme cytochrome ¢ peroxidases are a widespread family of periplasmic
enzymes that receive electrons from the central metabolism and catalyze the reduction
of hydrogen peroxide by means of the heme cofactor. Both proteins from Geobacter
sulfurreducens were analyzed with regard to peroxidase activity which could be
detected. However, the physiological electron donor is still unknown. A direct
participation of MacA and CcpA in electron transport to insoluble iron in Geobacter
sulfurreducens 1s proposed (Butler er al., 2004), but it could not be proven
unambiguously and seems, in the light of the results of the present work, rather unlikely.
As the structure of the homologous cytochrome c¢ peroxidase of Pseudomonas
aeruginosa has been solved (Fiilop et al., 1995), it was possible to determine the crystal
structures of CcpA and MacA by molecular replacement. CcpA and MacA are dimeric
enzymes with one heme group located in each domain of the monomer. In the
hydrophobic interface in between the two domains, one calcium ion could be identified
that serves probably the stabilization of the residues participating in electron transfer
between the two heme groups. Both structures are very similar to known cytochrome ¢
peroxidases. Comparison of CcpA and MacA to known cytochrome ¢ peroxidases
reveals that the divergence is due to substitutions of charged residues on the surface,

resulting in a significantly more basic protein.
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The rubber oxygenase RoxA from Xanthomonas sp. strain 35Y is a 74.1 kDa diheme
cytochrome ¢ enzyme that has the ability to degrade rubber latex in vitro. The structure
of RoxA had been determined by multiwavelength anomalous dispersion at the K-edge
of iron and was refined to a resolution of 1.8 A. No significant similarity to the overall
structure of any known protein was found. However, the structural region comprising
both heme groups shows structural homologies to bacterial diheme cytochrome c
peroxidases. The two heme groups of RoxA are roughly perpendicular to each other and
they are separated by an iron-iron distance of 21.5 A. Residues proposed to be essential
for electron transfer in between the heme groups in cytochrome ¢ peroxidases are also

present in RoxA.
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3 Introduction

3.1 Dissimilatory Metal-Reducing Bacteria

Iron is one of the most abundant metals on earth. In soils and sediments, high amounts
of ferric iron (Fe*") oxides can be found in the forms of hematite (a-Fe,Os), magnetite
(Fes04), goethite (a-FeOOH) and ferrihydrite (FesHOg ¢« 4H,0) (Kappler and Straub,
2005). Pyrite (FeS;), siderite (FeCOj;) and vivanite (Fe3(POs),) belong to important
ferrous iron (Fe’") minerals. Thus, in anoxic soils and freshwater sediments, iron
represents an important electron acceptor and donor in both of its oxidation states.
Several groups of prokaryotes can use iron as substrate to generate energy.
Microorganisms such as Rhodobacter ferrooxidans (Kappler and Straub, 2005) catalyze
the oxidation of ferrous iron under anoxic conditions. Dissimilatory metal-reducing
bacteria (DMRB) residing in groundwater, sediments and soils use ferric iron as
electron acceptor. By coupling the oxidation of organic compounds or molecular
hydrogen (Coppi et al., 2004) to the reduction of different extracellular electron
acceptors such as Fe(IIl), Mn(IV) and U(IV) (Lovley, 1993), they generate energy for
their growth. The prominent physiological feature of the Geobacter species is their
ability to oxidize organic electron donors completely to carbon dioxide. Geobacter
metallireducens and other Geobacteraceae are even able to oxidize aromatic
hydrocarbons to CO; and transfer the electrons to Fe(Ill) (Kane et al., 2002).

From a variety of bacterial and archaeal families it is known, that they reduce Fe(III)
dissimilatorily (Lovley et al., 2004). Species like Shewanella oneidensis (DiChristina et
al., 1988), Desulfuromonas acetoxidans (Roden and Lovley, 1993), Geobacter
metallireducens (Lovley et al., 1993) and Geobacter sulfurreducens (Caccavo et al.,
1994) are examples of dissimilatory metal-reducing bacteria. The widespread
appearance of iron-reducing bacteria also correlates with the availability of Fe(III).
Many sediments and soils contain ferric iron minerals in the range of 50-200 mmol per
kg wet weight. Ferric iron is therefore an important electron donor even if it is insoluble
at neutral pH (Lovley et al., 2004; Kappler and Straub, 2005). On the other hand, the

dissimilatory metal-reducing bacteria in general occupy a central position in the global
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biogeochemical cycles of metals and serve as catalysts in a variety of important
environmental processes, such as the production of minerals (biomineralization), the
oxidation of metals (biocorrosion) and the degradation, detoxification and
immobilization of contaminations and pollutants (bioremediation).

The process of iron reduction was investigated especially for the species Geobacter and
Shewanella, which belong to the 8- and y-proteobacteria, respectively. The metabolism
of Geobacter species is of particular interest, as they are widely distributed in diverse
anoxic soils and sediments and they are often the most abundant microorganisms
(Coates et al., 1996; Lovley et al., 2004), where the microbial reduction of Fe(III) is an
important process. Due to the high abundance of Fe(Ill) and Mn(IV) in these
environments, the reduction of iron and manganese is responsible for the anaerobic

oxidation of considerable amounts of organic carbon in the form of e.g. acetate.

Figure 1: left: Transmission electron micrograph of Geobacter sulfurreducens cells grown with soluble
Fe(III) citrate, scale bar 0.5 um. (Reguera et al., 2005). Right: Colonies of Geobacter sulfurreducens
from a dilution series.

The o6-proteobacterium Geobacter sulfurreducens was one of the first dissimilatory
metal-reducing bacteria with a completely sequenced genome (Methé et al., 2003). The
G. sulfurreducens genome comprises 3.81 Mb with 3,466 predicted protein encoding
genes (Methé et al., 2003). The importance of electron transport is highlighted by the
unusually large number of genes for c-type cytochromes (see 3.5), 111 altogether and
73 of which contain two or more heme groups. Comparison to the other metal ion-
reducing bacteria Shewanella oneidensis (a vy-proteobacterium) and Desulfovibrio
vulgaris (a d-proteobacterium) revealed that some c-type cytochromes are common in
these three species, but that 43 are unique to G. sulfurreducens (Methé et al., 2003).

Genes predicted to code for proteins that are involved in response to oxidative stress
such as catalase, superoxide dismutase and cytochrome ¢ peroxidases are present in the

genome of Geobacter sulfurreducens as well as genes for flagella and pili production.
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Even genes appearing to encode a terminal cytochrome ¢ oxidase were found indicating
that G. sulfurreducens has the ability to use oxygen as terminal electron acceptor (Lin et
al., 2004). The availability of the genome sequence provided new insights into the
function of the DMRB and especially into the physiology of Geobacter sulfurreducens

that was previously thought to be nonmotile and strict anaerob.

3.2 Iron as Electron Acceptor in Geobacter sulfurreducens

Every cell faces the problem of energy generation in order to survive. In this context,
electron transfer reactions are of fundamental importance. However, in contrast to the
microorganisms that reduce final electron acceptors in form of free diffusing gas or
soluble substrates, DMRB are faced with an exceptional challenge: They respire
anaerobically with terminal electron acceptors that are as Fe(IlI) oxide highly insoluble
at pH values above 4. Consequently, the oxides cannot diffuse into the cell or be
uptaken, while Fe(III) present one of the most important electron acceptor in anaerobic
environments. In theory, the order in which electron acceptors are utilized is determined
by the redox potential. At low pH, Fe’"/ Fe*™ has a redox potential (Ey =+0.76 V)
comparable to oxygen making the reduction of Fe(Ill) an energetically favorable
reaction. However, the energy associated with the reduction of Fe(III) at circumneutral
pH is less energetically favorable as the redox potential is less positive (Eg =+0.2 V)

(Madigan et al., 2002).

L0

Feflh

Electron
shuttle
reduced

Organic C, Organic C,

2

CO;
H,0

Electron
2 shuttle
H,0 oxidized

Feqi): R

Figure 2: Different strategies of electron transport to insoluble Fe(IIl) oxides (Weber ef al., 2006). (a) In
Geobacter species, direct contact to the insoluble Fe(II) oxides is required. The extracellular pili are
proposed to act as electrical conductors. (b) Low molecular electron shuttles carry electrons to the
insoluble iron. (c) The secretion of Fe** chelators by microorganisms such as Geothrix sp. aids in the
dissolution of Fe(IlI) oxides and provides more readily available Fe(III).
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DMRB can also reduce U(VI) or Tc(VII), that exist as soluble substrates but are
reduced to insoluble end products.

To circumvent the physiological problem associated with the insolubility of the
substrate or end products of the metabolism, diverse strategies were developed by
different metal-reducing species (see figure 2) (DiChristina, 2005).

In contrast to Geobacter species, Shewanella species have resolved the problem by
excreting low molecular electron shuttles, carrying electrons from the cell to insoluble
iron that is subsequently reduced abiotically (Newman and Kolter, 2000). An alternative
solution to reduce insoluble Fe(Ill) without making direct contact to the insoluble
Fe(III) oxides is the production and secretion of siderophores, a common tool of various
bacteria and fungi to enhance iron solubility under iron-limiting conditions (Butler,
1998; Kraemer et al., 2005). Siderophores are low molecular weight Fe’* chelating
compounds with high specificity and affinity for iron. The dissolved ferric siderophore
complexes are then recognized and can be transported across the cell membrane.
Another possibility to respire insoluble iron is a terminal reductase located in the outer
membrane that takes electrons from the central metabolism in the cytoplasm and
transfers them by direct contact to the insoluble iron minerals. C-type cytochromes are a
part of the electron transport chain to the extracellular iron reductase in
G. sulfurreducens (DiChristina, 2005). Additionally, the production of so-called
nanowires has been reported to facilitate electron transfer to the Fe(Ill) oxide surface.
These extracellular pili act as electrical conductor, but they are not necessarily required
for the attachment to the iron mineral surface (Reguera ef al., 2005). In case of
Geobacter metallireducens, it was shown that pili help in accessing insoluble Fe(III) by

chemotaxis (Childers et al., 2002).

33 Alternative Electron Acceptors

Geobacter sulfurreducens uses also elemental sulfur, Co(IlI)-EDTA or malate as
electron acceptors (Caccavo et al., 1994). Like most Fe(Ill)-reducing bacteria,
G. sulfurreducens reduces as well Mn(VI) and other metals. Toxic metals or metalloids
often occur in their soluble form in the groundwater and thus are mobile. However,
under anoxic conditions microorganisms such as Geobacteraceae are able to reduce

them to insoluble end products that precipitate and can be removed from the
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groundwater (Lovley, 2001; Lovley, 2002). Especially the ability to reduce uranium
makes Geobacter sulfurreducens an interesting tool for bioremediation.

Growth on fumarate results in a threefold higher cell yield compared to Fe(III) citrate as
electron acceptor (Esteve-Nunez et al., 2004), meaning that the reduction of fumarate
provides more energy than reduction of Fe(Ill) citrate. However, it was shown that, as
long as Fe(IIl) was present in the culture, the levels of mRNA for fumarate reductase
were significantly lower under acetate-limiting conditions such that the fumarate
reduction was inhibited and the utilization of fumarate as an electron donor was favored
(Esteve-Nuiiez ef al., 2004).

Geobacteraceae can also use graphite electrodes as sole electron acceptors for
anaerobic respiration. There, electron donors like acetate are completely oxidized to
CO,. The rates of electron transport can be compared to those of electron transport to
Fe(Ill) citrate (0.21 to 1.2 umol electrons/ mg of protein/ min in comparison to
1-3 umol electrons/ mg of protein/ min during transfer to soluble Fe(III) citrate) (Bond
and Lovley, 2003). This was the first report of microbial electricity production. The
experiments showed, on the one hand, that electrode reduction supported growth of the
bacteria and, on the other hand, that Geobacter sulfurreducens is capable of producing
electric current when attached to electrodes.

Previously, Geobacter sp. have been classified as strict anaerobes. However, in the
genome of Geobacter sulfurreducens homologs of catalase, superoxide dismutase,
rubrerythrin, peroxidases and cytochrome c¢ oxidase were identified (Methé et al.,
2003). These enzymes provide the possibility of scavenging oxygen radicals and
therefore allow for exposure to oxygen or even to utilize oxygen as terminal electron
acceptor. Growth experiments revealed that G. sulfurreducens can grow at least for 24 h
with oxygen as single electron source (Lin et al., 2004). This suggests that the organism

may be able to survive at the anoxic-oxic interface.

34 Electron Transfer in DMRB

The electron transfer chain to insoluble Fe(IIl) oxides in Geobacter species is of special
interest, as insoluble Fe(IIl) oxides are the primary source of Fe(Ill) for the
dissimilatory iron reduction. In contrast to classical respiratory metabolism, this

pathway of iron reduction ends in an electron transfer system localized in the outer
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membrane, where it is in direct contact to insoluble iron minerals. Hence, two

membranes need to be crossed.
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Figure 3: Model of the electron transport chain involved in dissimilatory Fe(IIl) reduction by Shewanella
and Geobacter species (Weber et al., 2006). The description of the electron transfer proteins is found in
the text. CM, cytoplasmic membrane; OM, outer membrane; Q, quinone; MQ, menaquinone.

Electron transfer has been most investigated in Geobacter and Shewanella species. In
both cases, electron transport proteins and quinones in the inner membrane are
considered to transfer electrons to electron transport proteins in the periplasm.
Subsequently, c-type cytochromes act as carriers transferring electrons to a reductase
localized in the outer membrane. Due to the identification of c-type cytochromes
proposed to be involved in electron transport to insoluble iron (Leang et al., 2003;
Lloyd et al., 2003; Butler et al., 2004), different models for the dissimilatory iron
reduction have been developed (see figure 3) (Weber et al, 2006) and need to be
verified.

In Shewanella species, electrons are transferred from menaquinone to the membrane-
bound tetraheme c-type cytochrome CymA and subsequently to further electron carriers

in the periplasm. The tetraheme c-type cytochrome Cyt c¢3 and the decaheme
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cytochrome MtrA are considered to be the electron carriers to an outer membrane
protein (Gordon et al., 2000; Pitts et al., 2003). OmcB is an outer membrane c-type
cytochrome that can reduce extracellular Fe(IIl) directly (Myers and Myers, 2002).
However, some Fe(III) reduction still occurs in the omcB mutant indicating that Fe(III)
reduction is not exclusively dependent on OmcB (Myers and Myers, 2002; Weber ef al.,
2006).

The large number of c-type cytochromes in Geobacter sulfurreducens reflects the
complex electron transport systems that lead to a huge variability in utilizing different
electron acceptors, giving rise to the assumption that various alternative electron
transfer chains to the outer membrane may exist (Leang et al., 2005).

In the currently proposed model for Geobacter sulfurreducens, the diheme cytochrome
MacA is considered to be the primary acceptor for the electrons derived from
menaquinone in the inner membrane (Weber ef al., 2006). Subsequently, electrons are
transferred to periplasmic c-type cytochromes such as PpcA, a 9.6 kDa periplasmic
triheme cytochrome ¢ (Lloyd ef al., 2003).

Obviously, multiheme c-type cytochromes in the outer membrane are key players in the
reduction of metal ions. Gene expression and functional studies revealed that the
85.5 kDa dodecaheme cytochrome OmcB is required for optimal Fe(Ill) reduction
(Leang et al., 2003). The rate of Fe(Ill) reduction in an omcB deletion mutant was
significantly impaired and was only 3-6% of that of the wild type. However, the mutant
adapted to growth on soluble Fe(III) but not on insoluble Fe(Ill) (Leang et al., 2005). At
least two further outer membrane c-type cytochromes, OmcE and OmcS (Mehta et al.,
2005), have been reported to be required for the electron transfer to solid Fe(II) oxides.
Not only cytochromes are involved in this electron transfer chain. When respiring
Fe(Ill) oxides, Geobacter sulfurreducens produces pili. It was shown that these cell
appendages not only serve for the attachment of the cells to the ferric iron but they are
also conductive and active in transfer of electrons to the iron oxides (Reguera et al.,
2005).

In spite of all recent progress, the mechanism DMRB apply to reduce metals like ferric

iron or manganese oxides remains unclear and further investigations are warranted.
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3.5 Cytochromes

3.5.1 The Porphyrin Cofactor

Members of the a-proteobacteria condense the heme precursor molecule
d-aminolevulinic acid from glycine and succinyl-coenzymeA, whereas most of the
bacteria including Escherichia coli use the Cs pathway (Jahn et al., 1991; Thony-Meyer,
1997). Several subsequent reactions are necessary to make protoporphyrin IX (Daily,
1997). The final incorporation of the ferrous iron is catalyzed by the enzyme

ferrochelatase.

The four pyrrole nitrogen atoms of the heme
distal ligand group are strong chelators for metal ions such as
ferric or ferrous iron. In addition, iron is ligated
by one or two axial, protein-derived ligands.
Heme iron occurs in 5- or 6-coordinated state

with ligands in the form of histidine N® or - more

rarely - N°, cysteine S?, methionine S°, tyrosine

Figure 4: Heme group and axial ligands. |- (yn ;4 lysine N® side chains or terminal amino

groups provided by the peptide chain (Fita and Rossmann, 1985; Sundaramoorthy et al.,
1995; Einsle et al., 2000). The distal ligand is positioned distantly in the primary
sequence from the CXXCH motif. Furthermore, non-protein ligands may be bound that
in most cases are related to the function of the protein, such as oxygen in hemoglobin or

substrates and reaction intermediates in many enzymes.

The heme cofactor is redox-active and can be in the reduced (Fe*") or oxidized (Fe*")
state. Therefore, these proteins are part of one-electron transfer reactions. Their redox
potential determines the direction of electron transfer and usually falls into the range of
-400 - +400 mV (Moore and Pettigrew, 1990). The redox potential is strongly
dependent on the axial ligands. Methionine sulfur is a good electron acceptor and favors
the relatively electron-rich reduced state resulting in a more positive redox potential
compared to bis-histidinyl coordinated heme groups (Moore and Pettigrew, 1990).

The heme group is a conjugated system leading to prominent spectroscopic features.
The most important transitions are the alpha, beta and Soret bands. This characteristic

absorption pattern which is due to charge transfer and n to 7 transitions within the
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pyrrole ring and the different oxidation states of the iron can be used to gain
informations about the protein by electron excitation spectroscopy, an efficient

analytical tool in the research of c-type cytochromes.

3.5.2 (C-Type Cytochromes

C-type cytochromes are a widespread group of proteins that are found in animals, plants
and bacteria. Besides the specific heme binding site, they have a second specific
property in common. A characteristic N-terminal signal sequence serves for the export
from the place of protein synthesis to the appropriate compartment. Bacterial c-type
cytochromes are soluble or membrane-bound proteins outside the cytoplasm, located in
the periplasm or in the inner or outer membrane.

Iron protoporphyrin IX is the cofactor of cytochromes, and it is found in various
modifications in nature. Heme proteins serve a wide range of biological functions
including the binding of oxygen (hemoglobins), electron transfer reactions and the
catalysis of enzymatic reactions, especially of the oxygen metabolism (oxidases,
peroxidases, catalases and hydroxylases). The catalytic variability of cytochromes
originates from the nature of the protoporphyrin IX substituents as well as from the
environment and the axial ligand provided by the surrounding protein (Moore and

Pettigrew, 1990).

Figure 5: left: CXXCK-motif (cytochrome c¢ nitrite reductase, pdb accession code 1FS7), mid: CXXCH-
motif (cytochrome ¢, pdb accession code 1HRC), right: CXXXXCH-motif (cytochrome c¢3, pdb accession
code 2CTH)

This work is focussed on heme c as it occurs in c-type cytochromes. Their characteristic
feature is the covalent attachment of the heme group via thioether bonds from the vinyl
groups to the cysteine side chains of a conserved binding motif in the protein matrix.
The cysteines are most commonly arranged within a CXXCH-motif, but rare exceptions

like CXXXCH-, CXXXXCH- or CXXCK-motives for the cofactor binding to the
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protein are also possible (Bushnell et al., 1990; Einsle et al., 2000). Histidine and
lysine, provided by the common heme binding motif, are found as proximal axial
ligands. Often, also a sixth ligand exists which is mostly a methionine or a histidine.
The number of heme groups per protein chain is variable, from one up to 27, as

predicted for a protein in Geobacter sulfurreducens (Methé et al., 2003).

3.5.3 C-Type Cytochrome Maturation

C-type cytochrome maturation is a posttranslational process involving the transport of
heme, secretion of the polypeptide chain through the membrane and covalent
attachment of the heme to the apoprotein. This process converts a linear apoprotein to a
three-dimensional holoprotein with one or more covalently bound and structure-giving
heme groups (Thony-Meyer, 1997; Kranz et al., 1998; Barker and Ferguson, 1999).
However, the detailed mechanism during which the two thioether bonds between the
cysteines of the CXXCH-motif and the vinyl groups of the heme group are formed is
still unclear.

The c-type cytochrome maturation system comprises several components and differs
remarkably within several bacteria and eukaryotic cells. Three systems for the

biogenesis of c-type cytochromes have been evolved.

3.5.3.1 System I

System I is the most common maturation system for c-type cytochromes found e.g. in a-
and y-proteobacteria, in plant or protozoal mitochondria and in archaea (Kranz et al.,
1998).

E. coli does not synthesize c-type cytochromes under aerobic conditions. However,
under anaerobic respiratory conditions, E. coli was found to involve system I in the
synthesis of c-type cytochromes (see figure 6). Five different c-type cytochromes can be
detected in E. coli when nitrate, nitrite or trimethylamine N-oxide (TMAOQO) are present
as terminal electron acceptors (Iobbi-Nivol ef al., 1994). This is due to the fact that the
expression of genes of the aeg-46.5 region is induced under anaerobic conditions and in
the presence of nitrate, nitrite or TMAO. Further investigations revealed that genes of
the cluster ccmABCDEFGH present in the aeg-46.5 region are required for c-type

cytochrome maturation (Thony-Meyer et al., 1995). Ccm proteins presumably form a
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maturase complex that coordinates the different steps of cytochrome ¢ maturation. The

key steps occur on the periplasmic side of the cytoplasmic membrane.

periplasm

cytoplasm

apoprotein heme group

Figure 6: System I. C-type cytochrome maturation occurs in the periplasm. The apoprotein is transported
via the Sec-dependent pathway into the periplasm; the transport mechanism of the heme group into the
periplasm is still unknown. CcmAB: ABC transporter, CcmE: heme chaperone.

The heme group and the apoprotein are synthesized separately in the bacterial
cytoplasm. The apoprotein is then translocated via the Sec-dependent pathway (Thony-
Meyer, 2002) across the cytoplasmic membrane. How many and which heme carriers
are involved in the transport of the heme group into the periplasm is not known so far.
After the translocation, heme is covalently but transiently bound to the heme chaperone
CcmE (Schulz and Thény-Meyer, 2000). The small protein CcmD is implicated in heme
delivery to the heme chaperone CcmE (Ahuja and Thony-Meyer, 2005), forming a
ternary complex that consists of CcmCDE. CcmF is involved in the release of heme
from the heme chaperone (Thony-Meyer, 2002). From there on, heme is transferred to

the apoprotein. The reduction of the cysteines of the CXXCH-motif prepares the
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binding reaction. For this, electrons are transported from a cytoplasmic thioredoxin to
the transmembrane protein DsbD and finally on to the reductases CcmG and CcmH.

Biotechnologically, the ccm machinery can also be coerced into producing c-type
cytochromes in the presence of oxygen. When the ccmABCDEFGH genes are expressed
from a plasmid, the formation of holocytochrome ¢ can be achieved (Arslan et al., 1998;
Huston et al., 2007). This method is employed in the present work to express the c-type

cytochromes of interest.

3.5.3.2 System II

System II is found in gram-positive bacteria, chloroplasts as well as in some -, d- and
e-proteobacteria. It bears some resemblances to system I with respect to components
ensuring the reduction of the cysteines; otherwise both systems are quite different. At
least the four proteins CcsA, Ccsl, ResA and CcdA are involved in the assembly of
c-type cytochromes (Kranz et al., 1998).

Geobacter sulfurreducens uses system II (Stevens et al., 2004). Nevertheless, it is
possible to heterologously overproduce c-type cytochromes from Geobacter
sulfurreducens in E. coli by means of coexpressing system I (see 3.5.3.1) (Lloyd et al.,

2003; Heitmann and Einsle, 2005).

3.5.3.3 System III

This is the simplest known kind of c-type cytchrome maturation machinery and is found
e.g. in mitochondria of fungi, vertebrates and invertebrates (Kranz et al., 1998). Two
different types of cytochrome c lyases representing central components of the c-type
cytochrome biogenesis system III have been identified. Cytochrome ¢ lyase (CCHL) is
required for the formation of the two thioether bonds between the heme group and the
apocytochrome, and the cytochrome c¢; heme lyase (CC;HL) is required for the

maturation of cytochrome cj, an integral part of the hc;-complex.

3.6 Peroxidases

Oxidative stress can manifest itself in the generation of toxic oxygen intermediates,

including the superoxide anion (O;), hydrogen peroxide (H,O;) and the hydroxyl
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radical (HO"), that evolve from the incomplete reduction of oxygen (see figure 7). The

reactive oxygen species can cause damage to proteins, DNA and membranes.

2H,0 «—* 20H +— 202' «—> [02' + O"] «—> 022' «—> 02" — 0,

Figure 7: Toxic oxygen intermediates of the incomplete reduction of oxygen (Kaim and Schwederski,
2004). Hydrogen peroxide is formed by the protonation of peroxide (0,%).

In bacteria, three main classes of enzymes are involved in the removal of hydrogen
peroxide from the cell (Atack and Kelly, 2007). Cytoplasmic catalases cleave hydrogen
peroxide into water and oxygen whereas glutathione peroxidases catalyze the reduction
of H,O; in the presence of glutathione. Finally, there are the cytochrome ¢ peroxidases
catalyzing the reduction of hydrogen peroxide to water which draw electrons from the
electron transfer chain. They are a widespread family of extracytoplasmic enzymes
catalyzing the conversion of H,O, by means of the heme cofactor. Eukaryotes as well as
prokaryotes contain cytochrome c peroxidases but they differ in mechanism and

structure.

3.6.1 Eukaryotic Peroxidases

Eukaryotic peroxidases are located in the inter-membrane space of mitochondria. They
contain one single b-type heme group as active site. The overall reaction is similar to
bacterial peroxidases, but the catalytic mechanism is significantly different (Lu, 2006;

Atack and Kelly, 2007).

2 H" + Cyt ¢2*
Fell/ Trp Cyt ¢**+ H,0
Cyt o3t
FeV=0/Trp H,0,
FeV=0/Trp™
Cyt o2t
H,0

Figure 8: Catalytic reaction mechanism of eukaryotic peroxidases.



3 Introduction 18

The reaction generates an oxo-ferryl intermediate of the heme and a cation radical on a
nearby tryptophan as the reduction of hydrogen peroxide requires two electrons
(Sivaraja et al., 1989). In contrast to eukaryotic peroxidases, the bacterial cytochrome ¢
peroxidases (Ccps) incorporate a second heme group avoiding the generation of this
radical.

Interestingly, cytochrome c¢ peroxidase and manganese peroxidase catalyzing the
biodegradation of lignin show a similar heme binding site. The main differences are
found in the Mn" binding site and a conserved aromatic residue near the heme group. In
the eukaryotic Ccps there is a tryptophan instead of a phenylalanine. Additionally, many
ligands for Mn" in MnP are missing in CcP (Lu, 2006). These two enzymes are an
example for proteins with similar scaffolds but different substrates and thus different

catalyzed reactions.

3.6.2 Bacterial Peroxidases

Cytochrome c¢ peroxidases receive electrons from the central metabolism via
cytochrome c¢ or in some cases from copper proteins (Pauleta et al., 2004b). They are
located in the periplasm where they catalyze the two-electron reduction of hydrogen

peroxide to water.

e
‘e'/ @ Cytochrome bc,

complex

H,0,+2H*
Cytochrome ¢
peroxidase ,
=@
e

Dehydrogenase

periplasin. - @MV CYeplasm

Figure 9: Scheme of a typical bacterial electron transport system. In gram-negative bacteria the
cytochrome ¢ peroxidase is located in the periplasm. Most of the bacteria possess only one peroxidase
(Atack and Kelly, 2007). Cytochromes ¢ (Cytc) and cupredoxins (Cu) are currently considered to be
electron (e’) donors to the peroxidase. Q: quinone pool
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Bacterial cytochrome ¢ peroxidases have been isolated from Methylococcus capsulatus
(Zahn et al., 1997), Nitrosomonas europaea (Arciero and Hooper, 1994), Paracoccus
pantotrophus (Goodhew et al., 1990), Pseudomonas aeruginosa (Ellfolk and Soininen,
1970), Pseudomonas stutzeri (Villalain et al., 1984) and Rhodobacter capsulatus
(Hanlon et al.,, 1992). Depending on the species, molecular weights range from
35-40 kDa (Atack and Kelly, 2007) and they are commonly purified as homodimers
(Gilmour et al., 1994; Alves et al., 1999; De Smet ef al., 2001). Crystal structures are
available from Pseudomonas aeruginosa (Filop et al., 1995), Nitrosomonas europaea
(Shimizu et al., 2001), Paracoccus denitrificans (Echalier et al., 2004) and Paracoccus
pantotrophus (Echalier et al., 2006).

In contrast to eukaryotic peroxidases, bacterial CCPs consist of two domains, each with
one covalently bound heme group. The high potential (HP) heme acting as the electron
transfer center is situated in the C-terminal domain and its heme iron is methionine-
histidine coordinated. The midpoint redox potential varies between the bacterial species
from +320 mV in P. aeruginosa (Ellfolk et al., 1983) to +130 mV in N. europaea
(Shimizu et al., 2001). The low potential (LP) heme is located in the N-terminal domain
and is the site of peroxidase activity. In the oxidized form, the low potential heme is
coordinated by two histidine residues and therefore is inactive. Here, the LP site has a
midpoint redox potential of -330 mV in P. aeruginosa and +70 mV in N. europaea

(Shimizu et al., 2001).

3.6.2.1 Structure of Cytochrome c Peroxidases

The two heme groups are roughly perpendicular to each other and are separated by an
iron-iron distance of about 21 A (see figure 10). The shortest distance between the heme
groups is approximately 10 A between their propionate groups.

Both domains are connected by three strands of protein chain. The interface in between
is hydrophobic, providing a typical Ca*" binding site (Fiildp et al., 1995), where the
amide oxygen of an asparagine, the main chain carbonyls of a threonine and a proline

and four water molecules are ligating the Ca*" ion.
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LP heme

HP heme

Figure 10: The structure of the cytochrome ¢ peroxidase of Pseudomonas aeruginosa (Filop et al., 1995)
is the first structure solved of a bacterial cytochrome ¢ peroxidase (pdb accession code 1EB7).

3.6.2.2 Reaction Mechanism

In its oxidized form, the peroxidase of Pseudomonas aeruginosa exhibits the high
potential heme Fe' in a high spin/ low spin equilibrium (Foote et al., 1984) whereas the
iron is ligated by methionine and histidine. The low potential heme is coordinated by
two histidines in the oxidized state. Consequently, the N-terminal domain has to
undergo a conformational rearrangement to allow access for and binding of hydrogen
peroxide. The current model suggests that the reduction of the high potential heme
results in the switch of the low potential heme to high spin state. In this mixed valence
form, the second histidine ligand of the low potential heme is released from the iron so
that H,O, has access to the active site. One electron is abstracted from the high potential
iron and one from the low potential iron with the formation of an oxo-ferryl

intermediate. However, the mechanism of hydrogen peroxide reduction in bacterial

cytochrome ¢ peroxidases is not yet fully understood.

3.6.2.3 IN and OUT Conformation

Bacterial Ccps are active in the mixed valence state, where the high potential electron
transferring heme is in its reduced state and the low potential peroxidatic heme is in its

oxidized state. The only exception known so far represents the peroxidase of
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N. europaea which is also active in its oxidized state. The flexible loop that is
rearranged in the peroxidase of e.g. P. aeruginosa or P. nautica is here always in the
OUT-confirmation, hence the heme is always 5-coordinated and therefore the enzyme is

always accessible to substrate (Arciero and Hooper, 1994).
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Figure 11: left: IN-form (green, pdb accession code 1RZ6) and OUT-form (grey, pdb accession code
IRZS) of Pseudomonas nautica, right: oxidized-form (grey, pdb accession code 2C1U) and mixed-
valence form (green, pdb accession code 2C1V) of Paracoccus pantotrophus.

The other peroxidases need to be reduced before they can function as catalysts; only a
change in the coordination of the heme iron at the active site allows substrate binding.
Two structures of the peroxidase of P. nautica are available due to photoreduction in the
X-ray beam (Dias et al., 2004). The IN-form is inactive and contains no calcium. The
OUT-form has calcium bound and the loop comprising His71 is flipped out in the
photoreduced state (Dias et al., 2004).

3.6.2.4 Electron Transfer within the Cytochrome c Peroxidases

For the electron transfer to the substrate hydrogen peroxide, it is necessary that electrons
derived from an electron donor such as cytochrome c¢ or pseudoazurin are first
transferred to the HP heme and furtheron via an electron transport pathway to the active
site.

Ccps can accept two electrons from ferrous cytochrome ¢ during catalysis according to:

H,0, + 2 H" + 2 Cyt ¢(Fe*") > 2 H,0 + 2 Cyt ¢(Fe™).

The high potential heme receives electrons from external donors and mediates the
transfer to the active site located about 21 A away from the transferring heme.
Currently, the way of the electrons from the electron transfer center to the active site is

subject for speculations. It is proposed that the heme propionates and the conserved
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Trp94 located in the hydrophobic patch are conduits for the electrons (Dias et al., 2004;
De Smet et al., 2006).

Figure 12: One heme group is located in each domain; tryptophan and calcium are located in the
hydrophobic interface.

3.6.3  Other Diheme Cytochrome ¢ Enzymes

Bacterial peroxidases are an example for proteins with similar scaffold performing
different functions. MauG proteins are very similar to the bacterial peroxidases
considering their sequences, but they show differences with respect to their function.
MauG is one of the four proteins responsible for the biosynthesis of the methylamine
dehydrogenase (MADH) (Wang et al., 2003), involved in the generation of the
tryptophan tryptophylquinone cofactor. The enzyme shows just a low peroxidase
activity.

The rubber oxygenase A (RoxA) is a further example. Sequence comparison with
cytochrome ¢ peroxidases displays a few conserved residues, but for this enzyme no

peroxidase activity was detected (Jendrossek and Reinhardt, 2003; Braaz et al., 2004).

3.7 The Rubber Oxygenase RoxA

Natural rubber is synthesized by many plants and several fungi. Its main source is the
rubber tree (Hevea brasiliensis). One of the main components, the biopolymer poly (cis-
1,4-isoprene) contains many linear isoprene-subunits (CsHg) and two trans-isoprene

units at each end (see figure 13) (Eng et al., 1994; Tanaka et al., 1996). Natural rubber
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does not accumulate in the environment, consequently there has to be continuous
biological degradation. From a variety of bacteria, especially belonging to the
actinomycetes, it is known that they exist on natural rubber medium and use rubber as
carbon source. Xanthomonas sp. strain 35Y is so far the only known gram-negative
bacterium degrading natural rubber. It was shown that Xanthomonas sp. strain 35Y
secrets a rubber-degrading component into the polyisoprene containing medium that
leads mainly to the formation of one degradation product, 12-0x0-4,8-dimethyl-trideca-
4,8-dien-1-al (ODTD) (Braaz et al., 2004). First indications of an extracellular enzyme
that is responsible for the degradation of natural rubber were found by Tsuchii and

Takeda (Tsuchii and Takeda, 1990).
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Figure 13: Structure of (A) polyisoprene, n = 100-10000, and (B) ODTD.

The rubber oxygenase A (RoxA) was first purified from medium of rubber-grown
Xanthomonas sp. strain 35Y and it showed a strong absorbance maximum at 406 nm
(Braaz et al., 2004). The amino acid sequence then turned out to comprise two heme
binding motifs agreeing with this specific absorbance (Jendrossek and Reinhardt, 2003).
RoxA degrades natural rubber in vitro as well as synthetically produced poly (cis-1,4-
isoprene), but it seems to be specific for oligomers and polymers of 1,4-isoprene.
Natural rubber as well as synthetically produced poly (cis-1,4-isoprene) were cleaved by

purified RoxA whereas oligomers from trans-1,4-isoprene and aromatic compounds
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were not degraded by RoxA. By the means of labeling experiments it could be shown
that the dioxygen dependent reaction at least incorporates one oxygen atom from O,

into ODTD (Braaz et al., 2005).



3 Introduction 25

3.8 Goals of this Study

One goal of this study was to elucidate the protein structures of components of the
dissimilatory metal reduction pathway in DRMB. The cytochrome c¢ peroxidase
homologs MacA and CcpA from Geobacter sulfurreducens were shown to be related to
the electron transfer chain to insoluble electron acceptors outside the bacterial cells
(Butler et al., 2004; Leang et al., 2005). Additionally, it was found out that MacA is not
required for the oxidative stress response and that there is no homolog of cytochrome ¢
that usually functions as electron donor to Ccps in the genome of Geobacter
sulfurreducens. Thus, the question arose whether the structures of MacA and CcpA are
similar to classical Ccps and if both enzymes show peroxidase activity.

First, an expression and purification system for the two c-type cytochromes needed to
be established, as both proteins should be overexpressed heterologously in E. coli and
purified by affinity chromatography without the use of a possibly heme interacting His-
tag. Then, CcpA and MacA should be characterized biochemically and structurally.
Furthermore, the structure of the diheme cytochrome ¢ enzyme RoxA from
Xanthomonas sp. strain 35Y ought to be evaluated and compared to the structures of
cytochrome c peroxidases. RoxA exhibits conserved residues of the core region of Ccps
(Jendrossek and Reinhardt, 2003) leading to the assumption that general properties of
electron transfer between the two heme groups within the proteins or parallels between

the reaction mechanisms can be pointed out.
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4 Material and Methods

4.1 Material

4.1.1 Chemicals

All standard chemicals were of analytical purity grade (p.a.) and were obtained from the
following companies: Applichem (Darmstadt, Germany), Merck (Darmstadt, Germany),

Roth (Karlsruhe, Germany) and Sigma-Aldrich (Deisenhofen, Germany).

4.1.2 DNA and Protein Molecular Weight Marker

The GeneRuler (MBI Fermentas, St. Leon-Rot, Germany) served as DNA marker. For
sizing of proteins by SDS-PAGE, the unstained protein molecular weight marker from

MBI Fermentas was used.
4.1.3 Enzymes and Proteins
Restriction endonucleases, Pfu DNA polymerase and T4 DNA ligase were obtained

from MBI Fermentas (St. Leon-Rot, Germany).

4.1.4 Bacterial Strains

4.1.4.1 Escherichia coli

XL10-Gold (Stratagene, USA):

Tet'A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 reldl
lac Hte [F” proAB lacl"ZAM15 Tnl0 (Tet") Tn5 (Kan") Amy].

BL21(DE3) (Novagen, Darmstadt, Germany):

[F" ompT hsdSp (r5 mp’) gal dem (DE3)]
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4.1.4.2  Geobacter sulfurreducens

The strain Geobacter sulfurreducens PCA (DSM 12127) (Caccavo et al., 1994) was
obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ,

Braunschweig, Germany).

4.1.5 DNA-Oligonucleotides

DNA-oligonucleotides were obtained from MWG (Ebersberg, Germany) in HPSF (high
purity salt free) quality.

Primers were constructed for the pETSN-22 vector (4.1.6.2). For this, the signal
sequences of MacA and CcpA were determined by the SignalP v 3.0 server (Bendtsen et
al., 2004) in order to omit the Geobacter leader sequences as the pETSN-22 vector

provides the OmpA signal sequence from E. coli.

CcpA: 2813 f EcoRI: 5’-CGA ATT CGG CCG ATG AGC TGC AGC AG-¥
2813 r Xhol: 5’-CCT CGA GTT ACA GTC TGG GGC GCG GTG-3’
MacA: MacA f EcoRI: 5’-CCC GAA TTC AAA AGA GGA TGT CAT GAA ACG-3°
MacA r Xhol: 5’-AAA CTC GAG TCA GTT GCT GAC CGG CCT G-3°
pETSN-22: pETS-22 f: 5'- AAT TCG AGC TCC GTC GAC AAG CTT GCG GCC
GCA C-3
pETS-22 r: 5-TCG AGT GCG GCC GCA AGC TTG TCG ACG GAG
CTC G-3'

4.1.6 Plasmids

4.1.6.1 pECS6

By means of the pEC86 plasmid (figure 14), the ccm (cytochrome ¢ maturation) genes
are constitutively expressed under the control of a tef promoter. This vector is based on
the pACYC184 plasmid and contains besides the genes ccmABCDEFGH, providing the
cytochrome ¢ maturation machinery, a chloramphenicol resistance marker (Arslan et al.,

1998) and was generously provided by Prof. Linda Thony-Meyer.
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pECS86
11753 bp

ccmABCDEFGH

Figure 14: Schematic representation of the vector pEC86. Cat: chloramphenicol resistance marker, ori:
origin, ccmABCDEFGH: cytochrome ¢ maturation genes, tet’: tet promoter, tet”": tetracycline resistance
marker

4.1.6.2 pETSN-22

The plasmids used for heterologous expression of the two c-type cytochromes from
Geobacter sulfurreducens are based on the vector pET22b(+) (Novagen, Darmstadt,
Germany). However, the pET22b(+) vector was modified by replacing the ribosome
binding site and the pelB signal sequence with the analogous sequence from the pASK-
IBA44 vector (IBA, Goéttingen, Germany) using the Xbal and Xhol restriction sites.
Afterwards, the multiple cloning site (mcs) derived from pASK-IBA44 was exchanged
for the sequence between EcoRI and Xhol restriction sites in pET22b(+) using the
primers pETS-22 f/r.

ATG STOP
—_—o OmpA Strep-tagll | MCS pET22b(+)

Figure 15: Organization of the pETSN-22 cloning site. The genes ccpA and macA were cloned into the
pETSN-22 vector via EcoRI and Xhol restriction sites resulting in constructs that consist of the sequence
of ccpA and macA, respectively, with preceding OmpA signal sequence and N-terminal Strep-tagll.

During secretion of the recombinant proteins into the periplasm, the OmpA leader

sequence is cleaved off so that the processed protein starts with an alanine-serine linker.
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4.2 Methods

4.2.1 Microbiological Methods

4.2.1.1 Cultivation of Escherichia coli

Luria-Bertani (LB) medium
1% (w/v) tryptone

0.5% (w/v) yeast extract

1% (w/v) sodium chloride

Escherichia coli strains were grown in Luria-Bertani medium. Precultures for DNA
isolation or the expression of protein were incubated overnight at 37°C.

The proteins MacA and CcpA were expressed heterologously in E. coli
BL21(DE3)::pEC86 overnight at 30°C. Therefore, LB medium supplemented with
100 pg/ml ampicillin and 20 pg/ml chloramphenicol for antibiotic resistance selection

was inoculated with 1 (v/v) % of inoculum.

4.2.1.2 Cultivation of Geobacter sulfurreducens

Modified NBAF medium

acetate 15 mM
fumarate 40 mM
NH,CI 020g
KCl 0.38¢
NaHCO; 1.80 g
Na,CO; 0.50 g

Vitamin solution m141

biotin 2.0 mg
folic acid 2.0 mg
pyridoxine-HCl 10.0 mg
thiamine-HCl « 2 H,0 5.0 mg
riboflavin 5.0 mg
nicotinic acid 5.0 mg
D-Ca-pantothenate 5.0 mg
vitamin B, 0.1 mg
p-aminobenzoic acid 5.0 mg
lipoic acid 5.0 mg

dH,0 1000 ml
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Trace element solution m141+

nitrilotriacetic acid 1.50 g
MgSO, « 7 H,O 3.00¢g
MnSO, « 2 H,0 0.50 g
NaCl 1.00 g
FeSO, « 7 H,0O 0.10 g
COSO4 7 H20 0.18 g
CaCl, » 2 H,O 0.10 g
ZnSO, * 7 H,0 0.18 ¢
CuSOy4 * 5 H,O 0.01g
N32M004 2 HzO 0.01 g
NiCl, » 6 H,O 0.025 ¢
Na,SeO; * 5 H,O 0.50 mg
N32WO4 2 HzO 0.40 mg
dH,0 1000 ml

Cells of Geobacter sulfurreducens were cultivated in modified NBAFYE medium
(Coppi et al., 2001).

The modified NBAF medium was supplemented with 1% (v/v) vitamin solution m141
(DSMZ, Braunschweig, Germany), 1% (v/v) trace element solution m141+ (DSMZ)
and 0.1% (w/v) yeast extract and autoclaved at 121°C for 20 minutes in a Widdel flask.
Afterwards, the medium was cooled down while gassing with inertal gas (80% N,
20% CO3) (Airliquide, Germany). Sterile filtered cysteine serving as reductant and
sulfur source was added and the pH was adjusted with 6 M HCI to 7.2. The medium was
inoculated with 5-10% of its volume or with a DMSO stock (see 4.2.1.5) of

G. sulfurreducens cells and incubated at 30°C on a roller.

4.2.1.3 Production and Transformation of Competent E. coli Cells

TFB-1 buffer: pH 5.8 with acetic acid | TFB-2 buffer: pH 6.5 with IM NaOH
30 mM potassium acetate pH 7.0 10 mM NaMOPS pH 7.2

50 mM MnCl, 75 mM CacCl,

10 mM CacCl, 10 mM RbCl

100 mM RbCl 15% glycerol

15% glycerol

500 ml LB medium, supplemented with appropiate antibiotics, were inoculated with a
5 ml preculture to produce chemically competent E. coli cells. The cells were grown at
37°C to an optical density of ODgo = 0.6 before they were pelleted by centrifugation
(10 minutes at 4,000 x g and 4°C). Subsequently, the cell pellet was carefully
resuspended in 150 ml ice-cold TFB-1 buffer and chilled for 5 minutes on ice. After one
further centrifugation, the pellet was dissolved in 5 ml ice-cold TFB-2 buffer and

divided into 50 pl aliquots that were frozen in liquid nitrogen and stored at —80°C.
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Prior to transformation, the cells were thawed on ice and 20-100 ng of DNA or the
ligation mixture were added. After 30 minutes of incubation on ice, cells were subjected
to a 37°C heat shock for 10 minutes. Afterwards, cells were chilled on ice for further
10 minutes before addition of 200 pul LB medium without antibiotics. In order to
develop the antibiotic resistance, cells were incubated for 30-60 minutes at 37°C and

then plated on selective agar or inoculated in a selective medium.

4.2.1.4 Cultivation of Geobacter sulfurreducens in Soft Agar Tubes

7.5% (w/v) brain heart infusion agar was boiled in water. Yeast extract and cysteine
were added to final concentrations of 0.1% (w/v) and 8 mM, respectively, before 3 ml
of this mixture were filled into a hungate tube. Subsequently, the tubes were sealed with
aluminium foil and autoclaved. Immediately afterwards, the tubes containing liquid agar
were placed in a 60°C water bath. 6 ml of NBAFYE medium were added and after a
short cooling time the agar was inoculated with 200 pl pre-culture. Every following
tube was inoculated with 1 ml of the preceding tube. Finally, inertal gas (80% Ny,
20% CO») (Airliquide, Germany) was directed by means of a sterile filter over the agar

and the tube was closed air-tight. The bacteria were incubated at 30°C.

4.2.1.5 Production of Geobacter sulfurreducens DMSO Stocks

Buffer

1 mM HEPES/ NaOH pH 7
1 mM MgCl,

175 mM sucrose

A single colony of Geobacter sulfurreducens was taken out of the agar using a Pasteur
pipette and then amplified in 5 ml NBAFYE medium. 500 ml NBAFYE medium were
inoculated with this preculture and incubated at 30°C to an ODgpo = 0.5. From that point
on, the cells were treated with a glas pipette and handled under anaerobic conditions.
After one centrifugation step (8 minutes at 3,500 x g, 4°C), the cells were carefully
resuspended in 400 ml ice-cold buffer and then spinned down again. This washing step
was repeated once. Finally, the pellet was taken in 2 ml buffer + 400 ul (60% DMSO +
40% buffer) and aliquoted. The 100 pl aliquots were frozen in liquid nitrogen and stored
at —80°C.
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4.2.2  Molecular Biological Techniques

4.2.2.1 Polymerase Chain Reaction

PCR reaction mixture

11X Pfu buffer
250 uM dNTPs
10% (v/v) DMSO
8 mM MgSO,
0.2 ul genomic DNA of G. sulfurreducens
0.2 ul Pfu DNA polymerase
1 ul 5’-Primer
1 ul 3’-Primer
dH,0 @ 50 pl

The Polymerase chain reaction (PCR) (Mullis and Faloona, 1987; Saiki et al., 1988) is
an in vitro method for the exponential amplification of any DNA fragment. This
technique enables the selective amplification of a short, exactly defined part of a DNA
strain out of a complex DNA mixture.

A PCR cycler from Biometra (Gottingen, Germany) was used for DNA amplification.
For the amplification of genes from genomic DNA from Geobacter sulfurreducens, the
highly thermostable Pfiu DNA polymerase (MBI Fermentas, St. Leon-Rot, Germany)
derived from the hyperthermophilic archaeum Pyrococcus furiosus was used. The
enzyme catalyzes the synthesis of duplex DNA in 5’23’ direction and possesses an
additional 3’25’ exonuclease activity correcting nucleotide incorporation errors. In
order to reduce non-specific PCR products, an established touch-down PCR protocol
was used starting at a high annealing temperature that was subsequently stepwise
decreased. The size of the generated PCR product was subsequently verified by means

of agarose gel electrophoresis.

4.2.2.2  DNA Isolation from Agarose Gels & Purification of PCR Products

For the isolation of DNA fragments from agarose gels, the QlAquick Gel Extraction kit
(Qiagen, Hilden, Germany) and the Nucleotrap kit (Macherey& Nagel, Diiren,
Germany) were used. Purification of the PCR products was carried out with the

QOIlAquick PCR purification kit (Qiagen).

4.2.2.3 Isolation of Plasmid DNA from Bacteria

The preparation of plasmid DNA in analytical scale was performed with the QlAprep
Spin  Miniprep kit (Qiagen, Hilden, Germany) or the MNucleo Spin kit
(Macherey& Nagel, Diiren, Germany). Isolation of plasmid DNA in preparative scale
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was carried out according to manufacturer’s instructions for the Plasmid Midi kit

(Qiagen).

4.2.2.4 Isolation of Genomic DNA from Geobacter sulfurreducens

CTAB/NaCl
10 % (w/v) CTAB (hexadecyl-trimethyl-ammoniumbromide)
0.7 M NaCl

TE-buffer
10 mM Tris pH 8
1 mM EDTA

2 ml of an overnight culture of Geobacter sulfurreducens were sedimented by
centrifugation. The pellet was resuspended in 567 ul TE-buffer, 30 ul 10% (w/v) SDS
and 3 pl Proteinase K (20 mg/ ml) and the mixture was incubated at 37°C for one hour.
Then, 100 ul 5 M NaCl and 80 ul CTAB/ NaCl were added, vortexed and incubated at
65°C for 10 minutes. 700 pl of a 24:1 mixture of chloroform/isoamyl alcohol
(Applichem, Darmstadt, Germany) were added. Again, the mixture was vortexed before
it was centrifuged 5 minutes at 16,000 x g. The aqueous phase was transferred into a
new cup. The chloroform/ isoamyl (24:1) alcohol extraction step (+ 500 pl, vortex,
O 5 minutes at 16,000 x g, fresh cup) was repeated three times. 0.5 ul RNase were
added prior to the incubation at 37°C for 30 minutes. 500 pl ice-cold isopropanol were
added and the mixture was incubated one hour at -20°C. The precipitated DNA was
pelleted for 20 minutes at 16,000 x g and 4°C. Subsequently, the pellet was washed with
70% ethanol, dried and then dissolved in 50-100 ul 10 mM Tris pH 8.

4.2.2.5 DNA Restriction Digestion

The restriction digestion was performed according to manufacturer’s instructions (MBI
Fermentas, St. Leon-Rot, Germany). Usually, the DNA was incubated one hour at 37°C

before the enzymes were inactivated by a heat shock at 65°C for 20 minutes.

4.2.2.6 DNA Ligation

The DNA ligation was carried out with the T4 DNA ligase according to manufacturer’s
instructions (MBI Fermentas, St. Leon-Rot, Germany). Generally, a fivefold molar
excess of insert fragment compared to the vector fragment was applied and the mixture

was incubated at 4°C overnight.
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4.2.2.7 DNA Sequencing

PCR reaction mixture

200 ng DNA
8 pmol primer
1l Seq-mix BigDye® Terminator v1.1 (Applied Biosystems)
1l 10 X sequencing buffer (Applied Biosystems)
dH,O @ 10 pl

Amplification of the DNA was carried out using a single primer and the following

protocol according to the chain termination method (Sanger ef al., 1977):

Cycle

Denaturation 94° 2’

Denaturation 94° 30”
Primer-hybridisation 50° 30 § 25x
Elongation 60° 2’

1 ul 125 mM EDTA, 1 pl 3 M sodium acetate and 50 ul 100% ethanol were added
before the reaction mixture was chilled on ice for 5 minutes. DNA was spinned down
by centrifugation (16,000 x g, 4°C, 15 minutes) and then washed with 70 pl
70% ethanol. The supernatant after one further centrifugation (16,000 x g, 4°C,
5 minutes) was discarded and the DNA was dried prior to solving in 30 pl dH,O.
Analysis and documentation of the samples was kindly performed with an ABIPrism
3100 DNA Sequencer in the Department of Developmental Biochemistry (University of
Gottingen).

4.2.2.8 Agarose Gel Electrophoresis

TAE-buffer Agarose gel loading buffer
40 mM Tris base 0.25% bromphenol blue

20 mM acetic acid 0.25% xylene cyanol FF

2 mM EDTA 30% glycerol

Agarose forms a matrix meshwork in which larger DNA fragments are more strongly
retained than smaller ones, leading to a separation of the sample by size. For this, 1%
agarose gels (1% (w/v) agarose in TAE-buffer) were used. The solid gel was placed in
the electrophoresis chamber filled with TAE-buffer such that the gel was completely
submerged in buffer. Samples were mixed with sample buffer and SYBR Green I
(Molecular Probes, Karlsruhe, Germany) was added as fluorescence dye. For the size
determination of the resulting DNA bands, a DNA molecular weight marker (MBI

Fermentas, St. Leon-Rot, Germany) was used.
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Electrophoresis was performed with a field intensitiy between 5to 10 V/ cm.
Afterwards, the documentation was carried out with the GelDoc 2000 (BioRad,

Miinchen, Germany).

4.2.3 Protein Biochemical Methods

4.2.3.1 Cell Disruption

Lysis buffer

20 mM Tris pH 8

250 mM NaCl

ALP (protease-inhibitor cocktail)

The cells were resuspended in 3 ml lysis buffer per gramm cells. The cell suspension
was disrupted by five passages through a microfluidizer S100 (Microfluidics, Newton,
USA) and cooled on ice in between the cycles. After centrifugation for 20 minutes at
20,000 x g and then for one hour at 100,000 x g, the supernatant was ready for
purification by affinity chromatography.

4.2.3.2 Affinity Chromatography

Loading Buffer | Elution Buffer Storage Buffer
20 mM Tris pH 8 | 20 mM Tris pH 8 20 mM Tris pH 8
250 mM NacCl 250 mM NacCl 250 mM NacCl

2.5 mM desthiobiotin | 1 mM HABA
(hydroxy-azophenyl-benzoic acid)

All purification steps were performed at 20°C with an Akta Prime chromatography
system (GE Healthcare, Miinchen, Germany).

The Strep-tag purification system is based on the selective binding of Strep-tagll fusion
proteins to modified streptavidin (Strep-tactin) (Skerra and Schmidt, 2000). The soluble
fraction was loaded with a rate of 1 ml/ min to the Strep-tactin column equilibrated with
loading buffer. Proteins that did not bind to the sepharose were washed from the column
with loading buffer. Absorbance at 280 nm was monitored and the bound protein was
eluted with elution buffer as soon as the absorbance stayed constant. The eluate was
collected in 2 ml fractions. Subsequently, the column was washed with 2 column
volumes of elution buffer, 5 column of loading buffer and then with 5 column volumes
of storage buffer.

The fractions were analyzed by SDS-PAGE (see 4.2.3.4). Cytochrome-containing
fractions were pooled and concentrated by ultrafiltration (30.000 Da cut-off) (Vivaspin,

Sartorius, Germany) to a volume of 1-2 ml.
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4.2.3.3 Size Exclusion Chromatography

Buffer
20 mM Tris pH 8
150 mM NaCl

The separation of the proteins by size was achieved by size exclusion chromatography,
whereby the protein was simultaneously rebuffered and separated from impurities and
misfolded protein.

The concentrated protein was filtrated with a 0.22 pum centrifugal filter device
(Millipore, Schwalbach, Germany) and then loaded at a rate of 1 ml/ min to a pre-
equilibrated Superdex 200 26/ 60 column (GE Healthcare, Miinchen, Germany).
Fractions containing the pure protein were analyzed by SDS-PAGE and afterwards

pooled and concentrated by ultrafiltration.

4.23.4 SDS-PAGE

Resolving gel 12.5% Volume

30% bis-acrylamid 3.8 ml

1.88 mM Tris pH 8.8 1.8 ml

0.5% SDS 1.8 ml

TEMED 16 ul

10% APS 45 ul

ddH,O 1.6 ml

Stacking gel 5% Volume

30% bis-acrylamid 0.5 ml

0.625 mM Tris pH 8.8 0.6 ml

0.5% SDS 0.6 ml

TEMED 6 ul

10% APS 15 pl

ddH,O 1.3 ml
Coomassie Staining Destaining solution

solution

10% ethanol 10% ethanol

5% acetic acid

0.002% Coomassie

(G250:R250 = 4:1)

5 X loading buffer 1 X running buffer

0.5 M Tris/HCI pH 6.8 25 mM Tris base

40% glycerol 192 mM glycine

8% (w/v) SDS 0.1% (w/v) SDS

0.004% bromphenol blue

Proteins were separated according to their electrophoretic properties by SDS-PAGE
(Laemmli, 1970). This occurs in dependence on the length of the peptide chain or of the

molecular weight as well as on protein folding state. The samples were mixed with
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sample buffer and boiled for 5 minutes. By using the anionic detergent SDS in the
sample buffer, proteins are denatured and obtained a net negative charge proportional to
the length of the polypeptide chain, corresponding to their molecular weight. After
5 minutes of centrifugation, the samples were applied to the stacking gel pockets.

SDS gels were prepared with the Hoefer miniVE SDS gel system (GE Healthcare,
Miichen, Germany). The separation was carried out at 25 mA for one and at 50 mA for
two gels, respectively. By application of an electric field, molecules are separated
according to their charge and size, so that the negatively charged proteins migrate across
the electric field to the anode.

Subsequently, the gels were incubated in 20 ml Coomassie staining solution for about
30 minutes. After destaining with 10% ethanol, gels were analyzed and documented

with a GelDoc 2000 (Biorad, Miinchen, Germany).

4.2.3.5 Heme Staining

Staining solution

1.25 mM 3,3’,5,5’-tetramethylbenzidine (TMBZ)
30% methanol

250 mM sodium acetate pH 5.0

TMBZ was solved in methanol and then acetate was added. The gel was incubated in
this staining solution for 30 minutes before H,O, from a fresh 30% stock solution was
added to a final concentration of 52 mM (Goodhew et al., 1986). The developing color
reaction was observed and stopped by washing with 30% 1-propanol and 250 mM

sodium acetate pH 5. Documentation of the gel was carried out immediately.
4.2.4  Protein Concentration Determination
Protein concentration was determined by the bicinchoninic acid method (BCA) (Smith

et al., 1985).

4.2.5 Spectroscopic Methods

4.2.5.1 Electron Excitation Spectroscopy

Electron excitation spectroscopy uses electromagnetic waves of the ultraviolet (UV) and
the visible light. The resulting electron excitation spectra are due to electronic
transitions, including charge transfer (ligand-to-metal charge transfer, metal-to-ligand

charge transfer and metal-to-metal charge transfer), d to d and & to ©* transitions.
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Lambert-Beer’s law quantifies the absorbance of radiation from the spectrum according
to

E =¢c-d,
where E is the absorbance, d is the pathlength through the cuvette [cm], ¢ is the
concentration of the absorbing compound [moll'] and € is the molar extinction
coefficient [I'mol™-cm™].
Spectra were recorded using an Ultrospec™ 2100 pro spectrophotometer (GE

Healthcare, Miinchen, Germany).

4.2.5.2 Activity Assay

The peroxidase activity was determined by the ABTS™/ ABTS” (2.2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid)) system (Childs and Bardsley, 1975). ABTS was

obtained from Sigma (Deisenhofen, Germany).
H>0, + reduced ABTS = 2 H,O + oxidized ABTS.

The colorless ABTS* anion reduces the peroxidase and becomes the oxidized radical
ABTS" ion due to the release of one electron. This ABTS™ radical is relatively stable
and has an extinction coefficient of 36 mM'cm™ at 420 nm (Chen er al., 2002).
Reduction of hydrogen peroxide requires two electrons such that two ABTS ions

transfer electrons to one H,O».

Bestniel

Bestncel

Figure 16: ABTS is oxidized by one electron, forming a metastable radical cation; the radical cation then
slowly disproportionates into ABTS (initial state) and an azodication

The activity was assayed under anaerobic conditions. Therefore all solutions were
degassed prior to the measurement in an anarobic cuvette. The enzymes were reduced

by the addition of 10 uM sodium dithionite (Na,S,04) to the protein solution.
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Reaction mixture

10 mM potassium phosphate buffer pH 7.1
2.925 mM ABTS

X },LM HzOz

enzyme

The increase of absorbance was followed photometrically at 420 nm upon addition of
enzyme or hydrogen peroxide.
The H,0O, concentration was verified photometrically by its extinction coefficient at

240 nm (g240= 39.4 M"'em™) (Nelson and Kiesow, 1972).

4.2.6  Crystallographic Methods

4.2.6.1 Crystallization

The aim of a crystallization experiment is the reproducible growth of ordered crystals
that are used for X-ray diffraction experiments in order to determine the electron density
and consequently the 3-dimensional structure of the molecule.

Proteins were crystallized by vapour diffusion using sitting drop Cryschem
crystallization plates (Hampton Research, USA) sealed with Crystal Clear Tape. This
method allows the equilibration of a drop containing a defined mixture of protein and

precipitant via gas phase against the reservoir solution.
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Figure 17: left: Phase diagram showing the solubility of a protein in solution in dependence of the
precipitant concentration; right: crystallization by the sitting drop method

Initially the protein in the drop is in a metastable or undersaturated state concerning
crystal nucleation. Drop and reservoir are connected via gas phase and the vapor
pressure for the reservoir is lower which results in a net transfer of water from the
protein drop to the reservoir. Through this controlled evaporation, equilibrium between

reservoir and drop slowly develops. The concentrations of both protein and precipitant
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are increased, and the sample increasingly supersaturates resulting in precipitation or
ideally crystal nucleation and finally crystal growth.

Footprint Screens (Stura et al., 1994), the Nextal Screens Classics, PACT Suite, the
PEGS and MPD Suite (Qiagen, Hilden, Germany), the Hampton Sreens 1-2, the Peg/lon
Screen (Hampton Research, USA) and JB Screens 1-10 (Jena Bioscience, Jena,
Germany) served as initial screens. 1 pl of a 5-7.5 mg/ ml protein solution was mixed
with 1 pl of the reservoir solution for initial screening. These setups were stored at

20°C.

4.2.6.2 Cryo-Cooling

Data collection of crystals at room temperature leads to radiation damage, whereas
crystals at 100 K can be exposed much longer to X-rays without loss of diffraction
quality.

However, freezing of the crystals facilitates the formation of ice crystals. This should be
avoided as the internal order of the crystal is affected and the ice rings disturb the
diffraction pattern of the protein. Therefore it is crucial to find a cryopotectant that
prevents this phenomenon and also guarantees optimal data quality. On the other hand,
it is important that the protectant does not manipulate or even destroy the crystal to

conserve its physical state (Garman and Owen, 2006).

4.2.6.3 Data Collection

First data were collected in-house using a Rigaku copper rotating anode at a wavelength
of 1.54 A. Diffraction images were recorded on a mar345 imageplate detector (Mar
Research, Norderstedt, Germany). In order to get higher resolution data, well-diffracting
crystals were flash-frozen in liquid nitrogen and further data were collected at EMBL

Hamburg, at the synchrotron beamlines BW7B and X13.

4.2.6.4 Structure Determination

The smallest repeating unit within a crystal is called unit cell characterized by the lattice
constants a, b, ¢ and the three base vectors with angles a, B, Yy spanned in between. The
repetition of this unit cell by translation forms the regularly ordered, 3-dimensional
crystal.

X-ray beams can be described as electromagnetic waves that interact with the electrons

in the crystal, producing scattering. In the case of elastic scattering, there is no energy
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change with the molecule. Hence, the scattered waves have the same energy and
frequency as the incident waves.

In case of destructive interference, the diffracted X-ray beams are not in phase, thus
deleting one another. All diffracted waves are in phase when the diffracted X-ray beams

fulfill Bragg’s law and constructive interference occurs:
2dpisin® = nk (Eq. 4.2.6.4a).

In this process, the set of parallel lattice planes with index hkl and distance dyy produces
a diffracted beam when the X-ray beams of the wavelength A hit a plane in an angle of 6

and are reflected at the same angle.

incident beam diffracted beam

(8 s

C1E) d

A4

Figure 18: Two beams reflected by two parallel lattice planes; the difference in path length is 2dsinf
whereas constitutive interference occurs if 2dsinf is equal a multiple interger of the wavelength A >
2dyqsind = nA (Bragg’s law).

Diffracted X-rays can be characterized by the structure factors Fpy:

Fu= Y £’ (Eq. 4.2.6.4b).
i

The summation considers all scattering factors f; within the cell and therefore Fyy is a

function of all atom positions in the unit cell.
Im

As Fpy 1s a vector with an orientation given by the
phase angle oy and a length given by the amplitude

|Fyygl* sin & |Fual, the structure factor can be represented as

product (see figure 19):

F. |* cos a Re
hkl

Figure 19: Argand diagram in the Fria= [Fria| €™ (Eq. 4.2.6.4¢).

Gaussian plane. The wave function
can be described as a vector with

phase angle o and length |Fw| | producing a diffraction spot on the detector. As the
(amplitude).

The structure factor describes a diffracted beam

phenomenon of X-ray diffraction occurs at the
electron shell, the atomic scattering factor depends on the electron density distribution

and the structure factor can be presented in the following way:
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Fia= [ p(x,p,2)@" ™™ 4V (Eq. 4.2.6.4d)
4

where V is the volume of the unit cell.
By means of an X-ray diffraction experiment, the 3-dimensional electron density
function p(x,y,z) of the crystal ought to be determined. However, only the intensities of
the spots proportional to the square of the amplitudes of the structure factors can be
measured:

Tkt ~ [Fia® (Eq. 4.2.6.4¢).
The phase information is lost during the diffraction experiment and can only be
determined indirectly. This dilemma is referred to as the “phase problem” in
crystallography, as the electron density can only be calculated by fourier transform with
informations about both amplitude and phase:

p(x,y,z)=% D Fe B (Bq. 4.2.6.41).

hkl

4.2.6.5 Phase Determination

For macromolecules, phase information can be obtained by following methods:
e Molecular replacement (MR)
e [somorphous replacement (MIR/SIR)
e Anomalous dispersion (MAD: multiple wavelength anomalous dispersion /SAD)
e Combination of isomorphous replacement and anomalous dispersion (MIRAS:

multiple isomorphous replacement /SIRAS)

4.2.6.5.1 Molecular Replacement

The method of molecular replacement is one of the principal techniques to determine
the structure of macromolecules (Rossmann and Blow, 1962). A homologous model
structure is used to obtain an atomic model from which estimates of the phases can be
computed. Those serve as initial phases for the unknown structure.

The method is based on the fact that proteins sharing homologies in their sequence have
a similar structure. Consequently, the level of sequence identity between phasing model
and target structure and also the completeness of the model play an important role for
the success of this method. As a rule of thumb, the amino acid sequences should be at
least by 40% identical.

Several programs for molecular replacement exist, including MOLREP (Vagin and
Teplyakov, 1997), PHASER (Storni et al., 2004), CNS (Briinger et al., 1998), AMoRe
(Navaza, 1994) and EPMR (Kissinger et al., 1999).
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Usually, the process of locating the phasing model in the unit cell is divided into two
independent steps. First, the right orientation of the model is determined by a rotation
search using a rotation function. Afterwards, the right position of the model is found by
a translational search using a translation function. Within the molecular replacement six
variables need to be determined, three parameters to specify orientation and three
parameters to specify position. The resulting structure factors of the positioned phasing
model are then used as an initial estimate of the searched phases.

The rotation function determines the best orientation of the search model. This exploits
the fact that intramolecular vectors (Patterson vectors) depend only on the orientation of
the molecule and not on the position in the unit cell. If the search model and the target
protein are oriented in the same way within the unit cell, Patterson-maps should look
similar. This concurrence of Patterson peaks is examined by the determination of the
rotation function maxima calculated by the computer programs.

Subsequently, comparisons of the structure factors are employed to locate the best
position of the model protein via translational search. For each trial position the
observed structure factor amplitudes |Fops| of the native data set are calculated and
compared to the structure factor amplitudes |Fcq|. The R-factor compares both sets of

structure factor amplitudes for every reflection:

. ZH F:)bs ’ - ‘ F;alc H
R = (Eq. 4.2.6.5.1).

z | E)bs |

In the case of consistent structure factor amplitudes a small difference and thus a low R-

factor are expected.

4.2.6.52 MAD

Absorption edges for heavy atoms are in the range of X-ray wavelengths used in an
X-ray diffraction experiment. If the wavelength of the incident photons is in the range
of the specific absorption edge and hence the photons have high enough energy, X-ray
photons are absorbed by the heavy atoms and re-emitted with an altered phase

producing anomalous scattering (Hendrickson et al., 1988).
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Figure 20: left: Theoretical absorption edge of iron (7112 eV) and values for f " (black line) and f " (red
line) (http:www.bmsc.washington.edu/scatterer). Right: The anomalous contribution to the atomic
scattering factor consists of the real part /" and the imaginary part f””.

The scattering of an atom for which anomalous scattering occurs is wavelength-
dependent and can be written as

) =f"+ra)+i )  (Eq. 4.2.6.5.2a).
In this case, /'’ is the normal scattering contribution, /" is the real scattering component
and /" is the anomalous signal. f/*" can be obtained from a fluorescence scan, while f~
can be calculated from " as the scattering components / and /" are related via the
Kramers-Kronig relationship:

Po)= 2 [ w (Eq. 4.2.6.5.2b).
Ty 0 -0

Friedel’s law states that the reflection (hkl) and the - by inversion through the origin -
related reflection (-h,-k,-1) have equal amplitude and opposite phase. Whenever there is
anomalous dispersion, Friedel’s law is broken

(| Fo | # 1 F D (Eq. 4.2.6.5.2¢).

From this discrepancy, phase information can be obtained. By Patterson methods, the
location of heavy atoms can be determined at first.
The Patterson function in its general form is a variation of the Fourier sum for which
only the amplitude is required:

P(u,v,w) = % Z| F(hkl)|* cos[27(hu+kv+Iw)] (Eq.4.2.6.5.2d).

hkl

The difference Patterson map is calculated with coefficients (AF)* = (|Fp| - |Fpul)®
showing interatomic vectors with amplitudes contributed by the heavy atoms solely.

AP(u,v,w) = % 3| AF(hkT) P cos[2a(hu + kv + w)] (Eq. 2.2.6.5.2¢).

hkl
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A MAD experiment comprises several datasets around the absorption edge of the heavy
atom. In case of metalloproteins, datasets are recorded at the edge of the incorporated
metal. A peak dataset at the maximum of f"'(4) is collected as well as the inflection

dataset (minimum of f”(4)) and the high remote dataset (medium values for /"'(1) and

J'A).

Once the positions of the heavy atoms are found, structure
factors of the protein can be determined. For this, the

structure factor can be written as Fp = Fpy - Fg where Fp is the

structure factor of the remote dataset, Fpy is the structure

Re

. ) L factor of the peak dataset and Fy is the structure factor of the
Figure 21: Determination

of the structure factors heavy atom.
Fp of the protein.

4.2.6.5.3 Isomorphous Replacement

Isomorphous replacement is a method for the determination of initial phases for a new
structure (Green et al., 1954). Phases are derived from several data sets collected from
native crystals and isomorphous crystals into which heavy atoms have been soaked that
must not disturb crystal packing or the conformation of the protein. These heavy atoms
cause perturbations in the diffraction pattern resulting in differences between native and

derivative structure factors.

4.2.6.6 Graphical Representation

Molecular graphics were made with PyMOL (DeLano Scientific LLC, San Francisco,
USA) (DeLano, 2002). The final model was validated with the program PROCHECK
(Laskowski et al., 1993). Surface was calculated with the program AREAIMOL (Lee
and Richards, 1971) included in the CCP4 suite. Electrostatic surface potentials were
calculated with DELPHI (Honig and Nicholls, 1995) based on the numerical solution of

the Poisson-Boltzmann equation, assuming standard charges for amino acids.
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5 Results

5.1 Purification of the Recombinant Peroxidases from G. sulfur-

reducens
BglII T7 Promoter Xbal
1 AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGATAR 75
OmpA
76 CGAGGGCAAAAAATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCC 150
M K K T A I A I A V A L A G F A T V A Q A
Linker Strep-tag EcoRI

151 GCTAGCTGGAGCCACCCGCAGTTCGAAAAAGGCGCCGAGACCGCGGTCCCGAATTCGAGCTCCGTCGACAAGCTT 225
A S W s H P Q F E K GA E T AV P N S S S V D K L

Xhol His-tag
226 GCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTG 300
A A A L E H H H H H H *

301 GCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG 372

Figure 22: Organization of the pETSN-22 expression vector insert region. The OmpA signal sequence is
cleaved off after secretion of the apoprotein into the periplasm.

The Geobacter sulfurreducens cytochrome c peroxidases MacA and CcpA were
overproduced in E. coli strain BL21(DE3) by coexpressing the pEC86 plasmid
encoding the c-type cytochrome maturation genes ccmABCDEFGH (see figure 14)
(Thony-Meyer, 1997). The expression vector pETSN-22 was created for this purpose
and provides an N-terminal signal sequence for the secretion of the protein into the
periplasm, an N-terminal Strep-tagll and a C-terminal His-tag. The macA gene (978 bp)
and the ccpA gene (975 bp) were cloned via the EcoRI and Xhol restriction sites into
pETSN-22. In order to obtain a construct without His-tag, the stop codon of the genes
was retained.

Protein expression could be optimized by reducing the expression rate of the apoprotein.
The leakiness of the promoter was exploited, thus without addition of IPTG the basal
transcription level was sufficient for the production of holoprotein.

The original expression vector pASK-IBA44 with its fet promoter was unsuitable
because this construct just produced apoprotein. This might be due to the fact that a
relatively high rate of protein expression can be harmful for correct posttranslational

processing (Londer et al., 2005).
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5.1.1  Purification of CcpA

The cells were cultivated and broken as described previously (see 4.2.1.1 and 4.2.3.1).
After centrifugation, the soluble fraction was loaded onto a Strep-tactin column
(4.2.3.2). The fractions containing CcpA were pooled and concentrated by ultrafiltration
(30,000 Da molecular weight cut-off; Vivaspin) (Sartorius, Gottingen, Germany).
Furthermore, the protein was purified and rebuffered by size exclusion chromatography
(Superdex 200) (GE Healthcare, Miinchen, Germany). Protein of the right size could be
separated from misfolded protein which elutes in the exclusion volume making the size
exclusion chromatography an essential step in spite of the observed electrophoretic

homogeneity after the affinity step.
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Figure 23: left: Chromatogram of the Strep-tactin column; right: Chromatogram of the S200 gelfiltration
column; the pooled fractions are indicated in grey.
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Figure 24: left: Coomassie-stained gel, right: Heme-stained gel; M: marker with corresponding molecular
weight in kDa, 1: cell extract, 2: 20,000 x g pellet, 3: 100,000 x g pellet, 4: 100,000 x g supernatant, 5:
flowthrough Strep-tactin column, 6: pool after Strep-tactin column, 7: pool after gelfiltration; 15 pg
protein per lane were applied.

Molecular weight prediction with the ExPaSy webservice (http://www.expasy.org)
(Bjellqvist et al., 1993) results in 36.78 kDa per monomer if linker and Strep-tag are


http://www.expasy.org/
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taken into account. The addition of 616 Da per heme group leads to a calculated
molecular weight of 38.02 kDa and subsequently of 76.04 kDa per dimer. CcpA elutes
at 191.97 ml from the S200 column which corresponds to a molecular weight of
73.94 kDa according to the calibration curve y = -0.0155 x + 7.8445. Furthermore, a pl
of 8.7 was calculated by Compute pI from the ExPaSy webservice.

5.1.2 Purification of MacA

The purification of MacA was performed in analogy to the procedure for CcpA.
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Figure 25: left: Chromatogram of the Strep-tactin column; right: Chromatogram of the gelfiltration
column S200; the pooled fractions are indicated in grey.

According to the ExPaSy-webservice, MacA has a molecular weight of 37.06 kDa and
of 38.29 kDa including the two heme groups. Thus, the theoretical molecular weight of
the dimer is 76.58 kDa while MacA elutes at 194.55 ml corresponding to a molecular
weight of 67.45 kDa. A theoretical pl of 8.9 was calculated.
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Figure 26: left: Coomassie-stained gel, right: Heme-stained gel; M: marker with corresponding molecular
weight in kDa, 1: cell extract, 2: 20,000 x g pellet, 3: 100,000 x g pellet, 4: 100,000 x g supernatant, 5:
flowthrough Strep-tactin column, 6: pool after Strep-tactin column, 7: pool after gelfiltration; 12 pg
protein per lane were applied.
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5.1.3  Representative Purification of CcpA and MacA

MacA and CcpA were purified from 5 1 expression cultures that had been harvested at

OD6()() of 5-6.

Purlsizzlz;tlon MacA CcpA
. specific . specific
Pfgfem ﬁ‘ms/ acti\f)ity [wmol Protein 12405 / acti\Pity [wmol
g] 280 min”! mg'l] [mg] 280 min mg-l]
Soluble fraction 1008 0.05 0.027 935 0.06 0.013
Strep-tactin 30 4.10 0.954 48 2.16 0.836
Superdex 200 17.5 4.21 2.066 26.6 3.86 2.005

CcpA was purified from 20 g cells yielding 1.33 mg g cells. The yield of MacA was
lower with 0.92 mg g™ cells.

5.2 Electron Excitation Spectra

The oxidized form of CcpA shows a typical c-type cytochrome spectrum with
absorption maxima at 406.5 nm and at 530 nm. The extinction coefficient at 406.5 nm
was determined to €406.5um = 231,000 M em™. Upon reduction with 1 mM ascorbate,
one heme is reduced and the Soret band shifts to 411 nm while a- and B-bands become
apparent. Additional incubation with CaCl, shifts the y-band to 417 nm, a shoulder at
lower wavelength remains correponding to the second non-reduced heme group. An
additional band at 630 nm is slightly more pronounced upon addition of calcium and

indicates a Fe(III) high spin signal.

Extinction coefficient [M ™" cmi']

700

Wavelength [nm]

Figure 27: Electron excitation spectra of CcpA in 20 mM Tris pH 8, 150 mM NaCl buffer; native enzyme
(oxidized, black line), ascorbate-reduced enzyme (1 mM ascorbate, pH 7.2; 15 minutes incubation, red
line), addition of 1 mM CaCl, to the ascorbate-reduced enzyme (blue line), dithionite-reduced enzyme
(green line).
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In the dithionite-reduced form of CcpA, the Soret band has its absorption maximum at

418.5 nm; the B-band is visible at 523 nm and the a-band at 553.5 nm.

300000

S0

200000

150000

Extinction coefficient [M "cm']

0 T T T T T T T
300 400 500 600 700

Wavelength [nm]

Figure 28: Electron excitation spectra showing the oxidized (black) and reduced (red) form of CcpA in
20 mM Tris pH 8, 150 mM NaCl buffer.

The oxidized form of MacA also reveals a typical spectrum of a c-type cytochrome with

absorption maxima at 406.5 nm and at 525 nm.
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Figure 29: Electron excitation spectra of MacA in 20 mM Tris pH 8, 150 mM NaCl buffer; native
enzyme (oxidized, black line), ascorbate-reduced enzyme (1 mM ascorbate, pH 7.2; 15 minutes
incubation, red line), addition of 1 mM CaCl, to the ascorbate-reduced enzyme (blue line) and dithionite-
reduced enzyme (green line).

The extinction coefficient at 406.5 nm was determined to 226,000 M cm™. Upon

reduction with ascorbate and additional incubation with CaCl, spectroscopic features
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are generated resembling those of CcpA. The fully-reduced spectrum of MacA exhibits

absorption maxima at 419 nm, 523 nm and 553 nm.
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Figure 30: Electron excitation spectra of MacA in 20 mM Tris pH 8, 150 mM NaCl buffer; oxidized
(black) and reduced (red) form.

5.3 Peroxidase Activity Assay

Both diheme c-type cytochromes from Geobacter sulfurreducens revealed peroxidase
activity as determined by the ABTS method (see 4.2.5.2). Usually, the physiological
electron donor of cytochrome ¢ peroxidases, ferrocytochrome cssy, serves as electron
donor in the activity assay (Gilmour et al, 1994). Initially, an analogous assay
containing bovine heart cytochrome ¢ as electron donor was performed as Geobacter
sulfurreducens lacks any homologs of cytochrome ¢ (Butler et al., 2004). Just like the
cytochrome ¢ peroxidase of Pseudomonas nautica (Alves et al., 1999), MacA did not
show any significant activity using bovine heart ferrocytochrome ¢ as electron donor.
Hence, ABTS was used to detect peroxidase activity.

Oxidized MacA revealed a specific activity of 0.064 umol min™' pg ™ at a concentration
of 18uM H,0,. As cytochrome ¢ peroxidases are active in the mixed valence state, the
enzyme was incubated with ascorbate, ascorbate and calcium or dithionite prior to the
assay (see 5.2 and 4.2.5.2). Only the reduction of the enzyme with dithionite had an
effect on the activity so that following activities were determined for the reduced

enzyme.
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Figure 31: Effect of the hydrogen peroxide concentration on the specific activity of MacA. The reaction

was started upon addition of MacA (c=391 nM). Each value represents an average of three
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measurements. The curve was fitted by the Hill-function y = Iz
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The curve obtained for the specific activity in dependence on H,O, obeys Michaelis-
Menten kinetics. Based on the fitting by the Hill-function and Hill coefficient n=1,
Vinax = 2.85 £ 0.18 pmol min™ mg™ and Ky =3.20 + 0.70 uM H,0, were obtained for
MacA.
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Figure 32: Effect of the hydrogen peroxide concentration on the specific activity of CcpA. The reaction
was started upon addition of H,O, (c=900nM). Each value represents an average of three
measurements. The curve was fitted by the Hill-function.
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The peroxidase activity of CcpA is in a similar range as the activity of MacA. The
values for vp.x = 3.48 = 0.47 pmol min™! mg'1 and Kyy=11.14 = 3.06 uM H,O, are
obtained from the fitted curve. In the range of low H,O, concentration, the activity is
lower than the activity of MacA resulting in vmax and Ky values that were presumably
overestimated. Especially, the Ky, value is espected to be much lower. Therefore, these
values have to be regarded as approximate because hydrogen peroxide concentrations

above 18 uM do not increase the specific activity.

5.4 Sequence Analysis
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Figure 33: Multiple sequence alignment of CcpA (GSU2813), MacA (GSU0466) and related cytochrome
¢ peroxidases from Rhodobacter capsulatus, Pseudomonas aeruginosa, Pseudomonas nautica and
Nitrosomonas europaea. Identical sequences are colored in red and areas of homology are indicated by
red letters. The predicted signal sequence cleavage sites of CcpA and MacA were obtained from the
SignalP server and are indicated with an arrow. Heme—binding motives are highlighted with bars. The
sequence alignment was generated by ClustalW (Thompson et al., 1994).

BLAST searches (BLASTP 2.2.15) (Altschul et al., 1997) were performed in order to
identify other bacterial diheme cytochrome ¢ peroxidases in sequence databases. Both
Geobacter sulfurreducens enzymes are 68% identical with respect to the mature protein.

The sequence identity between the peroxidase from P. aeruginosa and CcpA and MacA
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are 66% and 58%, respectively. Apart from the homologs listed below, cytochrome ¢
peroxidases from many other organisms were found in the BLAST (e.g. from

Geobacter metallireducens, Geobacter uraniumreducens and Rhodospirillum rubrum).

5.5 Crystallization and Structure Determination

5.5.1 Crystallization of CcpA and Data Collection

In many PEG (polyethylene glycol) containing conditions, crystals were visible already
after one day. But in most of these conditions extremely thin needles grew from one
single center of nucleation (figure 34A).

Only in some conditions 2- or even 3-dimensional crystals appeared. In the condition
containing 15% PEG 3350, 0.1 M sodium citrate pH 5.4 and 20% 2-propanol, the third
dimension was developed better compared to all the other crystallization conditions.

However, a diffraction test showed that crystals were disordered in one direction and

therefore were not suitable for diffraction data collection.

Figure 34: (A) Needle clusters of CcpA appearing in many different PEG containing conditions. (B + C)
CcpA crystals obtained from the condition containing 15% PEG 3350, 0.1 M sodium citrate pH 5.4 and
20% 2-propanol.

Starting from the condition 41 of the Nextal Screen The PEGS (0.1 M Hepes pH 7.5 and
20 % PEG 10,000), crystals were reproduced and improved.

Several techniques were employed to reduce the number of nucleation centers, the
speed of crystal growth and to improve the thin 3 dimension of the crystals. The
application of the Additive Screen (Hampton Research, USA) as well as the reduction
of the temperature to 4°C and seeding techniques were involved herein. But for all
conditions the huge number of nucleation centers is common even if the sample was
filtered directly before pipetting into crystallization plates.

Variation of PEGs, pH and buffer finally lead to the crystallization condition
16% PEG 10,000 and 0.1 M Hepes pH 7.4. Crystals were thin plates that were grown
together and tended to break easily.
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Figure 35: Final crystals used for structure determination of CcpA.

The crystals were soaked in a protective cryo solution containing 10% 2R,3R-
butanediol in the reservoir solution, mounted in nylon loops and flash-frozen in liquid
nitrogen.

At the in-house X-ray source, the crystals diffracted to 2.6 A. In order to reach higher
resolution, 300 diffraction images were collected at the EMBL beamline BW7B
(DESY, Hamburg) where the crystals diffracted to 1.89 A.

Data were indexed and integrated with the program DENZO (Otwinowski and Minor,
1997), scaling was performed with the program SCALEPACK.

X GSU2813 2_001.mar2300

Prof fit R || Zoom wird || WritePrint || &/D test Floor U Floor Bown reverse color Femcnve pred din bright
Fulb seals || 0o || show oumel || Poak se || aie P, | Help | [ F....,!

Piek (Ruacnm)

Figure 36: Diffraction image used for indexing. The image was recorded at the EMBL beamline BW7B

while the crystal was rotated 1° per image during exposure. Data were collected at a wavelength of
0.8423 A.
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The crystals of CcpA belonged to the triclinic space group P1 with unit cell parameters
a=542A, b=558A, c=78.6A, a=68.7°, p=71.8°, y=57.8° and an estimated
mosaicity of 0.6. As crystals were grown together in most cases, it was always a
problem of indexing the datasets properly. Several lattices were present (see figure 36)
and visible on the diffraction image so that in many cases indexing failed. Even
although there were icerings, this dataset was most suitable for structure determination

of CcpA as the dataset could be indexed.

Resolution (A) 50.00 - 2.00 (2.03 — 2.00)
Redundancy 3.0(2.9)
Number of observations 361320

Number of unique reflections 48703

Completeness (%) 95.2 (97.1)
I/ sigma 9.6 (2.2)
Reym 0.099 (0.421)

Table 1: Data collection statistics for CcpA. Numbers in parentheses refer to the values within the highest
resolution shell. Ry, = Q|I-<I>|/3T)

There are two monomers in the asymmetric unit and the solvent content of the crystal is
48.70% with a Matthews coefficient (Matthews, 1968) of Vi = 2.42 A’/ Da. Due to

deteriorating data quality, only data up to a resolution of 2 A were used for refinement.

5.5.2  Structure Determination of CcpA and Refinement

The structure was solved by molecular replacement using the program MOLREP (Vagin
and Teplyakov, 1997) from the CCP4 suite (Collaborative Computional Project Number
4, 1994) with data to a resolution of 3.5 A. Cytochrome ¢ peroxidase of Pseudomonas
aeruginosa (pdb accession code 1EB7) (Fiilop et al., 1995) sharing 66% sequence
identity with CcpA served as search model. A preliminary model was obtained with
data collected in-house. Different residues were mutated using the mutation function in
COOT (Emsley and Cowtan, 2004). This model was subsequently used as search model

for molecular replacement using synchrotron data.
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Resolution (A) 72.357-2.0
r.m.s.d. in bond length (A) 1.690
r.m.s.d. in bond angles (°) 0.014
Ryork (%0)/ Riree (%0) 21.4/27.0
Figure of merit 0.718

chain A: 24 .45,
chain B: 21.99
Average B-factor for waters (A?) 25.13

Average B-factor for the protein (A%

Table 2: Data statistics from the refinement using the synchrotron data  set.
Ryork = 2 |[Fobs|=[Featc|l/Y[Fobsl, Where |Fops| and |Feq| are structure factor amplitudes from the data and the
model, respectively. In order to monitor Ry, (Briinger, 1992), 5.1% of the reflections were excluded from
the refinement. The figure of merit for a reflection (hkl) is m = |F(hkl)yes|/|F(hkl)] where F(hkl)pes =

2 P(0)Frya(a)/ 2 P(a).

Further model building was performed with the graphics program COOT. In order to get
a consistent model of the protein structure, the model was refined against experimental
amplitudes and phases after every round of model rebuilding. After rebuilding and 10
refinement cycles in Refmac5 (Murshudov et al., 1997) water molecules were added
automatically by COOT and subsequently manually by checking the electron density

peaks and taking the possibility of hydrogen bond formation into account.
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Figure 37: R-factor versus resolution. The ice ring around 2.24 A influences Ryem (black) and Ry, (red).

Despite the ice ring and the resulting bad statistics in the resolution shell between
2.25-2.31 A, data could be used to 2 A. The final model of CcpA after the last
refinement with Refmac5 had R-factors of Ryox =21.4% and Rge. = 27.0%, containing
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637 residues and 4 heme groups in two monomers, as well as 481 waters. At the amino-
terminal end, an alanine belonging to the linker between protein and Strep-tag was
defined in the electron density. In molecule A, all residues were modeled, but in
molecule B residues 220-230 are missing. This flexible loop is absent in most of the
cytochrome ¢ peroxidase structures determined up to now (Filop et al., 1995; Dias et

al., 2004; De Smet et al., 2006).

5.5.3  Structure Analysis of CcpA

The Ramachandran plot (Ramachandran et al., 1963) was calculated with PROCHECK
(Laskowski et al., 1993) in order to analyze the model quality. 85.9% of the residues are
located in the most favorite regions, 13% in the allowed regions, 0.8% in generously
allowed regions and 0.4% in the disallowed region.

Of these, the side chains of residues A144, A241 and A279 are not well defined in the
electron density, with B values of 31.0 A% 38.5A% and 35.2 A% respectively.
Rebuilding of these residues in allowed conformations and subsequent refinement

resulted again in disallowed conformations.

Ramachandran Plot
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Figure 38: Ramachandran plot. The red area displays the most favourable region, the yellow area is the
additional allowed region and the beige area is the generously allowed region. Glycines are presented as
triangles.

5.5.4  Crystallization and Data Collection of MacA

Crystals used for the structure determination were obtained from the condition 1 A of
the home-made Footprint Screen 2 (Stura et al., 1994). Initially, many little crystals

appeared within one drop. Variation of the protein to reservoir ratio improved the
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crystal size and finally, by using 2 ul protein and 1 pl reservoir, fewer but bigger
crystals grew in the conditions around the initial Footprint Screen 2 condition.

Several hexagonal crystal forms appeared, but only the trapezoid prism shaped crystals
were tested as the others macroscopically seemed to be accreted to each other. MacA
crystals for structure determination were finally taken from the condition 0.1 M
ammonium acetate pH 5.5, 1.3 M sodium/ potassium phosphate and 6% ethanol.
Lithium sulfate served as cryoprotectant. The cryoprotectant solution was mixed freshly

out of 40 pul of 0.1 M ammonium acetate pH 5.5, 1.3 M sodium/ potassium phosphate

and 210 pl of 3 M lithium sulfate to avoid precipitation of cryosolution ingredients.

Figure 39: MacA crystals. Crystals grew overnight at 20°C in 0.1 M ammonium acetate pH 5.5, 1.3 M
sodium, potassium phosphate and 6% ethanol.

At the X-ray home-source, MacA crystals diffracted to 2.05 A. Higher resolution data
were collected at the EMBL beam line X13 (DESY, Hamburg) at an X-ray wavelength
of 0.801 A. Diffraction images were recorded with a CCD-detector while rotating the
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crystal around 0.5° per image during exposure. The crystal measured at the synchrotron
diffracted to 1.84 A and belonged to the spacegroup P6s22 with unit cell parameters
a=b=118.0A,c=242.0 A, a=p =90° v =120° and an estimated mosaicity of 0.4.
The data were indexed and integrated with the program DENZO (Otwinowski and
Minor, 1997). Scaling was performed with the Bruker program SADABS and statistics
were gained from the Bruker program XPREP.

A Matthews coefficient of 2.99 A’/ Da was calculated, corresponding to a solvent

content of 58.5%.

Resolution (A) 50.01 — 1.95 (2.05-1.95)
Redundancy 13.49 (8.35)
Number of observations 988380

Number of unique reflections 73166

Completeness (%) 99.9 (99.5)
I/sigma 16.10 (2.84)
Rpim 0.0246 (0.1836)

Table 3: Data collection statistics for MacA. Numbers in parentheses refer to the values within the
highest resolution shell. The R-factor R,y represents the precision indicating merging R-factor (Weiss

and Hilgenfeld, 1997): Ry = Y | ﬁg 1,(hkD)—1(hkl)/ Y > I,(hkl).

hkl hikl i

5.5.5 Structure Determination of MacA and Refinement

The structure of MacA was determined by molecular replacement using the known
structure model for the cytochrome ¢ peroxidase of P. aeruginosa (pdb accession code
1EB7) (Fiilop et al., 1995) as search model. Both proteins share a sequence identity of
58%. For molecular replacement, the program MOLREP was used with experimental
data to 3.5 A. Two molecules per asymmetric unit were found.

The initial model was acquired with in-house data. First model building implicated the
mutation of residues different from the model with the mutation function of the program

COOT. Subsequently, synchrotron data were used to refine to a resolution of 1.95 A.
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Resolution (A) 102.06-1.95
r.m.s.d. in bond length (A) 1.570
r.m.s.d. in bond angles (°) 0.014

Ryork (%0)/ Riree (%0) 20.6/ 25.6
Figure of merit 0.803

Chain A: 32.02,
Chain B: 32.92
Average B value for waters (A% 39.94

Average B value for the protein (A%

Table 4: Data statistics from the refinement of the synchrotron data. Ry = D J|Fobs|-|Featc|l/YFobs|, Where
|[Fops| and |Fea¢| are structure factor amplitudes from the data and the model, respectively. In order to
monitor Rg.. (Briinger, 1992), 5.1% of the reflections were excluded from the refinement.

After the last refinement with Refmac5, the final model of MacA had R-factors of
Ryork = 20.6% and Rygee = 25.6% and contains two monomers, 608 water molecules, one
ethanol molecule, six acetate molecules and 23 phosphate molecules. The modeled
protein chain begins with Glul and ends with Asn324 while residues A223-225 and
B222-226 are missing in the model. This flexible loop is also absent in molecule B of
the Geobacter sulfurreducens peroxidase CcpA as in most of the bacterial cytochrome ¢

peroxidase structures.

5.5.6  Structure Analysis of MacA

The stereochemistry of the two MacA molecules in the asymmetric unit is evaluated by
the Ramachandran plot that has been generated with PROCHECK (Laskowski et al.,
1993). According to this, 89.1% of the residues are located in the most favorite regions,
10.3% within the allowed regions, 0.2% in the generously allowed regions and 0.4% in

the disallowed region.
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Figure 40: Ramachandran plot. The red area displays the most favourable region, the yellow area is the
additional allowed region and the beige area is the generously allowed region. Glycines are presented as

triangles.

Strikingly, the two residues found in the disallowed region (Phe260) are also located in

the disallowed region of the CcpA model (see 5.5.3).
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5.6 Overall Structures: CcpA and MacA

5.6.1 CcpA

Figure 41: Overall structure of CcpA from Geobacter sulfurreducens. a-helices are indicated in red and
B-strands are indicated in blue. The calicum ion and the heme groups are colored in grey.

The structure of CcpA reveals the typical topology of cytochrome ¢ peroxidases (Fiilop
et al., 1995; Shimizu et al., 2001; Dias et al., 2004; De Smet et al., 2006) with a-helices
and B-strands as secondary structural motives. Each of the two domains reveals a typical
c-type cytochrome fold (Moore and Pettigrew, 1990). As in the other determined
stuctures, the two domains are connected by three stretches with the calcium binding

site located in the domain interface.

5.6.1.1 Heme Groups

Both domains accommodate one heme group. In the following, distances are referred to
molecule A unless stated otherwise. The N-terminal domain is built by residues 17-164
and 303-324 with the heme group attached to the polypeptide chain by the cysteines
Cys51 and Cys54. The heme iron is bis-histidinyl coordinated and the dihedral angle
between the imidazole planes is 54.15°.

The nitrogen N° of one axial histidine (His55) interacts with the carbonyl group of
proline 81 (3.07 A), as well as the nitrogen N°® of the second axial ligand (His71), is
oriented by the interaction with the C=0 group of proline 108 (2.82A).
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The position of the heme group is further stabilized by interactions of the propionates
with the water molecules 153 and 154 and the main chain nitrogen atom of Trp94. The
other propionate interacts with Asn89 and the water molecules 137 and 138.

The C-terminal domain comprises residues 1-16 and 165-302. The second heme group
is located within this domain and is attached to the polypeptide chain via the cysteines
of the Cysl197-X-Y-Cys200-His201-...-Met275 motif while the iron is histidine-
methionine coordinated. The imidazole ring of histidine 201 is oriented by the carbonyl
group of proline 248 (3.12 A).

The heme group imposes stercogeometrical restraints on the protein fold by the
interaction of the propionate with the main chain nitrogen and the side chain nitrogen N°
of histidine 261 as well as with the main chain nitrogen of valine 216. The other
propionate interacts with the main chain nitrogen of phenylalanine 260 and the water
molecules 128, 400 and 402.

The two heme groups are arranged roughly perpendicular to each other with an iron-
iron distance of 21.05 A. The shortest distance between the heme groups is via the

propionates (9.99 A) that point inside the protein.

Figure 42: Heme group arrangement in CcpA.
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5.6.2 MacA

The structure of MacA shows the overall scaffold seen in the other bacterial cytochrome

¢ peroxidases (see 5.6.1).

Figure 43: Stereo view of the MacA monomer. a-helices are indicated in red and B-strands are indicated
in blue. The calicum ion and the heme groups are colored in grey.

5.6.2.1 Heme Groups

The two heme groups are arranged roughly perpendicular to each other with an iron-
iron distance of 21.19 A. The closest distance between the cofactors is 9.59 A via the
propionates.

The N-terminal domain is made up by the residues 15-166 and 302-324 with one heme
group attached to the polypeptide chain by cysteines Cys51 and Cys54. As in CcpA, the
iron is ligated by the two histidines 55 and 71. Carbonyl groups of other residues form
hydrogen bonds with the N° of the iron coordinating histidines, thus orienting the
histidine imidazole ring. Nitrogen N° of histidine 55 is bonded to the carbonyl group of
proline 81 (2.79 A). In a similar way, histidine 71 is interacting with the carbonyl group
of alanine 111 (2.82 A) while in CcpA the carbonyl group interacting with the N° of
His71 belongs to proline 108. The dihedral angle between the imidazole planes is
45.51°.

The electron transferring heme group is stabilized by asparagine 89, arginine 246 and by
the water molecule 188 forming hydrogen bonds to one of the propionates. The other

propionate interacts with tryptophan 73 and the water molecules 275 and 416.
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Histidine 71 is located in a flexible loop that has to be released from the iron in the
active form as hydrogen peroxide has to get access to the active center. In order to
determine the structure of the active enzyme, crystals of the P. pantotrophus
cytochrome c¢ peroxidase in its mixed valence state have been produced by Echalier and
coworkers (20006).

Photoreduction of MacA crystals and reduction with dithionite or ascorbate were
attempted. Subsequently, datasets of those crystals were recorded and evaluated, but no
difference electron density around this putatively flexible loop was detected (data not
shown). Growth of reduced crystals under anaerobic conditions in order to determine

the structure of active MacA did not succeed so far.

The C-terminal domain comprises residues 1-14 and 167-301. The heme group located
in this domain is coordinated by the residues Cys197-X-Y-Cys200-His201-...-Met275
and the iron is ligated by a histidine and a methionine. The orientation of the
histidine 201 is maintained by interaction with the carbonyl group of proline 248

(2.92 A).

Figure 44: Stereochemical restraints imposed by the heme group in MacA. The iron is colored in brown,
the water molecules are colored in red and the calcium ion is colored in yellow.

One propionate is stabilized by the main chain nitrogen from His 261 as well as by the
nitrogen N° of the imidazole ring and the main chain nitrogen of valine 216. The water
molecules 110 and 118 as well as the main chain nitrogen of phenylalanine 260 stabilize

the other propionate. These hydrogen bonds formed by the propionates and the main
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chain nitrogen atoms of Phe260 and His261 impose stereochemical restraints that are
the reason for the disallowed confirmation of Phe260 in both peroxidases from
Geobacter sulfurreducens. This stereochemical feature has also been reported for the

cytochrome c peroxidase from Pseudomonas nautica (Dias et al., 2004).

5.6.3 Comparison of the Overall Structure to Other Peroxidases

On the basis of their pdb (protein data bank) coordinates, families of structurally similar
proteins to MacA and CcpA were searched with the DALI server (Holm and Sander,
1993). The cytochrome ¢ peroxidase of P. aeruginosa already served as search model in
molecular replacement for both, CcpA and MacA. Likewise, the peroxidase of
P. aeruginosa is the first hit upon DALI database search with Z-values of 42.7 in case
of MacA and 44.5 in case of CcpA. The similarity to the other database hits only arises
due to the classical c-type cytchrome fold of the two domains which is reflected by
rather low Z-values (maximum 4.4).

MacA and CcpA have 69% identical amino acid residues. Their similarity is maintained
on the structural level and is reflected by the root-mean-square deviation (rmds) of

0.924 A for 302 aligned residues.

Figure 45: left: MacA (black) and CcpA (red) from Geobacter sulfurreducens. Right: Comparison of the
oxidized form of cytochrome ¢ peroxidases from different organisms, CcpA from G. sulfurreducens (red),
P. pantotrophus (blue), P. aeruginosa (yellow) and P. nautica (green).

As expected from sequence alignment, CcpA, MacA and peroxidases from other
organisms are very similar. Especially, the residues coordinating the heme groups and
in the domain interface where electron transfer between the heme groups takes place are

conserved (see figure 33). The most prominent differences are found in the loop
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comprising the axial iron ligand histidine 71 and in the loop formed by the residues 219-
232 which is not complete in most Ccp structures. In CcpA this loop is very flexible
with B-factors higher than 50 A%,

CcpA-1EB7 CcpA-1RZ6  CcpA-2C1U
Aligned residues 308 301 306
RMSD (A) 0.973 1.264 1.122

Table 5: Pairwise superposition of CcpA from Geobacter sulfurreducens with 1RZ6 (Pseudomonas
nautica), 2C1U (Paracoccus pantotrophus) and 1EB7 (Pseudomonas aeruginosa). Superposition of the
molecules was performed with Isqman (Kleywegt, 1996). The comparison of MacA to the Ccp of
P. aeruginosa which served as model for the molecular replacement gave a rmsd of 1.081 A for 300
residues.

5.6.4  Crystal Packing and Accessible Surface

The accessible surface of CcpA has a size of 15,047 A (molecule B: 14,515 A%). As
mentioned above, bacterial Ccps are believed to form functional dimers. In the dimer an
area of 26,871 A? s accessible, therefore the dimer interface has a size of 2,691 A% 2

reminiscent of the dimer interface of the inactive P. nautica IN form (2412 A?) (Dias et

al., 2004).

Figure 46: The crystal of CcpA is formed by the translation of the dimer in the three directions in space
(space group P1).

The monomer of MacA provides a total accessible surface area of 14,677 A? (molecule
B: 14,456 A?). In the crystal two large interface areas between the monomers are
present. The typical dimer formed by the other cytochrome ¢ peroxidases has an
accessible surface area of 26,007 A and a dimer interface of 3126 A*/ 2 resembling the

dimer interface of the active P. nautica OUT form (3031 A?%) (Dias et al., 2004). On the
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other hand, the alternative dimer has an accessible surface of 26,056 A? with a dimer

interface of 3,077 A%/ 2.

Figure 47: The crystal packing of MacA in space group P6s22 creates two possible dimer interfaces.
According to cytochrome ¢ peroxidases from other organisms, the red monomers belong to the functional
dimer. For CcpA, this crystal packing is impossible due to side chains constraining each other.

5.6.5 Electrostatic Potential

The most apparent difference of MacA and CcpA compared to the other bacterial
cytochrome ¢ peroxidases resides in their different electrostatic potentials. Much of the
divergence is due to the substitution of charged residues located on the surface, with
more positively charged residues and the loss of many negatively charged residues.
Therefore MacA and CcpA are more basic than e.g. the P. aeruginosa cytochrome c

peroxidase.
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Figure 48: Comparison of the electrostatic surface potentials of the (A) CcpA monomer, (B) MacA
monomer and (C) the P. aeruginosa Ccp monomer (pdb accession code 1EB7). The molecules on the
right hand side have been rotated 180° (y-axis). The blue patches represent the basic, positively charged
parts on the surface; the red patches represent the acidic, negatively charged parts on the protein surface.
The electrostatic surface potentials were calculated with DELPHI (Honig and Nicholls, 1995) and
presented with PYMOL (DeLano, 2002) in a range of -402 to 402 kT.
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5.6.6  Calcium Binding Site

The calcium binding site is located in the hydrophobic interface between the two
domains. In both peroxidases of Geobacter sulfurreducens, the ion is equidistant from
each iron (~ 12.6 A to the His-Met coordinated iron and ~ 12.1 A to the bis-histidinyl
coordinated iron). The B-factors for Ca’" in MacA are 23.66 A’ and 23.77 A%,
respectively, and in CcpA, they are 16.70 A* and 18.61 A?, respectively.

THR256

TYR257

PRO258 ASNT9

Figure 49: Calcium binding site of CcpA. The calcium ion is colored in yellow, the water molecules are
colored in red.

In MacA as well as in CcpA, the amino acids complexing the calcium ion are
asparagine 79, the carbonyl group of threonine 256 and the carbonyl group of proline
258. The cis conformation of Pro258 and Met257 in MacA and of Pro258 and Tyr257
in CcpA, respectively, might be due to the restraints imposed by the calcium ion
coordination geometry. Furthermore, the calcium ion is coordinated by four water
molecules so that the seven ligands are bound in distorted pentagonal bipyramidal
geometry to the calcium ion.

These protein ligands are located in highly conserved regions within bacterial
cytochrome c¢ peroxidases. Likewise, one of the propionates is coordinated to two of the
coordinating water molecules as found in other peroxidases (see figure 44).

Not only the calcium binding site contributes to the interaction of the two domains, also
the residues 244-246 and 94-96 are interacting with each other via the main chain as
well as residues 90-91 and 208 do in case of MacA. The side chains of Asn205 and
Trp94 also make contact between both domains. In CcpA, the contact is mainly
established by the interaction of the two B-strands comprising the residues 95-97 and

243-245.
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5.6.7 B-Factor Analysis

Figure 50: Cartoon representation of CcpA (left) and MacA (right). The structures are colored according
to the B-factors (Debye-Waller factors) where blue symbolizes low and red symbolizes high B-factors.

In regions around the heme groups of both MacA and CcpA, the B-factors are lower
which is reflected by the dark blue color. Residues located in the interface between both
monomers as well as residues around the calcium binding site are the most rigid.

Flexible loops are found in domain of the electron transferring heme.



5 Results 73

5.7 Structure Determination of RoxA

5.7.1  Crystallization, Data Collection and Structure Determination of RoxA

Due to the similarity of the rubber oxygenase A (RoxA) from Xanthomonas sp. strain
35Y to bacterial cytochrome ¢ peroxidases (Jendrossek and Reinhardt, 2003), this
project was taken over in order to evalute and compare the structure of RoxA to those of
CcpA and MacA. Crystallization, structure determination and initial model building was
performed by Prof. Oliver Einsle.

RoxA was crystallized in 8% PEG 8000 and 0.1 M Hepes pH 7.5. 10% (v/v) of 2R,3R-
butanediol served as cryoprotectant.

The crystal belonged to the monoclinic space group P2; with unit cell parameters of
a=724A,b=971A c=101.1 A, 0 =90° B=98.39° and y=90° and diffracted to
1.68 A. The data were integrated with DENZO (Otwinowski and Minor, 1997) and
scaled with the Bruker program SADABS.

RoxA has a calculated, sequence-derived molecular weight of 74.1 kDa. There are two
monomers in the asymmetric unit and the solvent content is 48.14% with a Matthews
coefficient of Vyy = 2.37 A’/ Da (Matthews, 1968).

Different attempts of phase determination had to be performed as initial trials to solve
the structure of RoxA by Fe-SAD failed due to the low phasing power. Two high
redundant datasets for Fe-SAD were recorded and the iron sites were immediately found
by this method. However, the structure could only be solved by Fe-MAD with data
recorded at four different wavelengths. The MAD experiment was performed at the

EMBL in Hamburg at the synchrotron beamline X 12.

High Peak Inflection ngh
redundancy resolution
Wavelength (A) 1.7316 1.7384 1.7398 0.9184
Resolution (A) 2.4 2.7 2.7 1.68
Redundancy 56.5 5.7 7.2 4.9
No. of observations 3159992 698 564 782 909 764 808
No. of unique reflections 54970 36932 37559 156762
Completeness (%) 98.3(92.3) 949 (80.6)  96.5(80.6)  96.6 (86.6)
I/ sigma 30.2 (6.5) 16.7 (5.7) 19.9 (6.5) 8.9 (1.5)
Reymn (%) 0.164 0.091 0.089 0.116
Sy (0.632) (0.251) (0.251) (0.711)

Table 6: Data collection statistics for RoxA. Numbers in parentheses refer to the values within the highest
resolution shell. Ry, = Q|I-<I>|/3T)
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The iron sites were acquired with ShelxD (Schneider and Sheldrick, 2002) and phasing
was performed in Sharp (La Fortelle ef al., 1997). The density of both monomers was
averaged with Ave (Kleywegt and Read, 1997) to improve the quality of the electron
density. Initial model building was performed in COOT.

5.7.2 Structure Determination of RoxA and Refinement

Initial refinement was performed in CNS (Briinger et al, 1998) providing higher
geometry-restraints. Subsequently, alternating cycles of model building in COOT and
refinement in Refmac5 were performed. Water molecules were added automatically and
later on manually in COOT.

After the final refinement in Refmac5, the R-factors reached Ryox = 17.7% and
Riree = 22.6%.

Resolution (A) 100.00 - 1.80
Rms deviation in bond length (A)  1.612

Rms deviation in bond angles (°) 0.015

Ryork (%)/ Reree (%) 17.7/22.6
Figure of merit 0.829

Average B value for the protein Chain A: 20.51,
(A% Chain B: 22.59
Average B value for waters (A% 29.93

Table 8: Data statistics from the refinement of the RoxA structure. Ryon = D ||Fobs|-|Featcll/Y|Fobs|, Where
[Fops] and |Feye| are structure factor amplitudes from the data and the model, respectively. In order to
monitor R, (Briinger, 1992), 5% of the reflections were excluded from the refinement.

Altogether 647 amino acids and two heme groups per monomer, two Hepes molecules
and 1457 water molecules could be modeled. From Alal5 to Leu662, the amino acids

could be continuously built into the electron density.

5.7.3  Structure Analysis of RoxA

The quality of the final RoxA model was verified with the Ramachandran plot and is
fully satisfactory for this resolution. 89.2% of the residues are in the most preferred

region, 10.3% are found in the additional allowed regions and 0.1% in the generously
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allowed region. Strinkingly, as well as in the models of CcpA and MacA,

phenylalanines (Phe301 and Phe516) are located within the disallowed region.

Ramachandran Plot

Psi (degrees)

Phi (degrees)

Figure 51: Ramachandran plot. The red area displays the most favorable region, the yellow area is the
additional allowed region and the beige area is the generously allowed region. Glycines are presented as

triangles.
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5.8 Overall Structure of RoxA

Figure 52: Cartoon representation of RoxA. The peptide chain is colored blue from the N-terminal end to
red at the C-terminal end. The heme groups are displayed as sticks.

RoxA is a monomeric enzyme that consists of one compact domain of
~60 A x 60 A x 65 A with a-helices representing the main secondary structural motif
and an unusually large portion of loops. Two short antiparallel B-strands comprising
residues 420-422 and residues 500-502 face each other and shield the bis-histidinyl
coordinated heme group from the solvent. The accessible surface of molecule A is
22,660 A? (molecule B: 22,657 A?).

Both molecules in the asymmetric unit are very similar, reflected by a root-mean square

deviation of 0.18 A.

5.8.1 Heme Groups

Both heme groups are fully buried within the protein. They are oriented approximately
perpendicular to each other with an iron-iron distance of 21.46 A. The shortest distance
between the heme groups is via the propionates (9.17 A).

One heme group is attached to the peptide chain by the cysteines Cys390 and Cys393
while the iron is coordinated by two histidines 394 and 641. Nitrogen N° of His394
interacts with the carbonyl group of proline 504 (2.76 A) while nitrogen N° of His641
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forms a hydrogen bond to its own carbonyl group (2.77 A), thus orienting the imidazole
ring. The dihedral angle between the imidazole planes is 59.74°.

One propionate is stabilized by interactions with the water molecules 87 (2.82 A), 86
(3.01 A) and 80 (2.62 A) as well as with the main chain nitrogen of Phe516 (2.78 A).
The other propionate interacts with the main chain nitrogen of His517 (2.60 A), the
nitrogen N° of His517 (2.51 A) and with the hydroxyl group of threonine 428 (2.80 A).
As seen above, the coordination of Phe516 and His517 imposes stereogeometrical
restraints which explain the localization of Phe516 in the disallowed region of the

Ramachandran plot.

\\__ W— d
HISER94 .
TRP%g02 ° . - = (
@
¥,

L IN

Figure 53: Stick representation of the bis-histidinyl coordinated heme group. The water molecules 80, 86
and 87 are included in the picture.

The second heme group is attached to the peptide chain via the cysteines Cys191 and
Cys194. In the crystallized form of RoxA, the heme group has only one protein-derived
axial ligand, His195. In a distance of 2.10 A, a water molecule is positioned. The
nitrogen atom N°® of His195 is not oriented by the peptide chain but forms a hydrogen
bond with water molecule 1272 (2.93 A).

One propionate is oriented through interactions with the hydroxyl group of threonine
286 (2.68 A), the nitrogen N® of arginine 432 (2.68 A), the main chain nitrogen of
tryptophan 302 (2.86 A) and the nitrogen N" of arginine 432 (2.93 A). The other
propionate interacts with the main chain nitrogen of Phe301 (2.73 A) which explains the

restrained stereogeometry of Phe301 located in the disallowed region of the
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Figure 54: Stick representation of the histidine coordinated heme group.

Ramachandran plot. The water molecules 89 (2.59 A) and 1273 (2.68 A) as well as the

nitrogen N" of arginine 294 represent further ligands of this propionate.

5.8.2  Disulfide Bridges

There are two disulfide bridges in the structure of RoxA, Cys574-Cys586 and Cys32-

Cys88. They are located at the surface of the protein, distant from the heme groups, and

are presumed to stabilize the protein.

Figure 55: Cartoon representation of RoxA. The two heme groups are colored in green, the disulfide
bridges are colored in red. The molecule is rotated around 90° (y-axis) in comparison to figure 52.
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5.8.3  Surface Properties

RoxA exhibits a differential distribution of negatively and positively charged residues
on the surface. The lower part is quite basic compared to other proteins. As depicted in
figure 56, both heme groups are accommodated in this lower part of the enzyme.

The heme group in the center of RoxA representing the active site has only one axial
ligand (His195). The substrate probably gains access to the reaction center from the

upper, more hydrophobic part of the enzyme.
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Figure 56: Surface representation of RoxA colored according to the electrostatic surface potential. On the
left hand side, the molecule is oriented comparable to figure 3.8 and on the right hand side, it is rotated
around 180° (y-axis). Blue patches indicate basic residues while red patches indicate acidic residues. The
electrostatic surface potential is calculated with DELPHI (Honig and Nicholls, 1995) and presented with
PYMOL (DeLano, 2002) in the range of -403 to 403 kT. The heme group orientation is indicated below.
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6 Discussion

6.1 The Physiological Role of CcpA and MacA in Geobacter

sulfurreducens

In contrast to the reduction of soluble electron acceptors that can diffuse into bacterial
cells, the reduction of insoluble iron oxides by Geobacter species requires electron
transfer from the cytoplasm to the outside of the outer membrane where the reduction of
insoluble ferric iron occurs (see figure 3). The genus Geobacter sulfurreducens has
adapted to these demands by the large number of c-type cytochromes (Methé et al.,
2003). Some of these c-type cytochromes have been shown to be required for optimal
electron transfer to iron (Leang et al., 2003; Lloyd et al., 2003; Butler et al., 2004;
Mehta et al., 2005). The identification of key players involved in the electron transport
to and finally the reduction of insoluble iron is based on genetic studies and growth
experiments with knock-out mutants of Geobacter sulfurreducens performed by Lovley
and coworkers.

First indications that MacA and CcpA could be involved in electron transport to iron
were found by the comparison of G. sulfurreducens cells grown on Fe(Ill) citrate and
fumarate (Butler et al., 2004). Both proteins were detected in the membrane fraction and
could be extracted from it by treatment with low salt (150 mM NaCl). MacA as well as
CcpA can be heterologously expressed in E. coli and subsequently purified as soluble
proteins in a buffer containing at least 150 mM NaCl (see results 5.1). The positively
charged surface (see figure 48) is consistent with the idea that both proteins are
peripherally associated to the membrane. Depending on pH and ionic strength, any
positively charged protein can make contact to the negatively charged membrane by
non-specific electrostatic interactions.

The suggestion that MacA and probably also CcpA might be central intermediates in the
reduction of Fe(Ill) in Geobacter sulfurreducens arose from the finding that cells grown
on Fe(Ill) citrate revealed higher levels of macA mRNA and that the macA deletion
mutant showed a decreased ability to reduce Fe(IIl) citrate compared to the wild type
(Butler et al., 2004). The Geobacter sulfurreducens knock-out mutant of OmcB, a
proposed key player in the dissimilatory iron reduction pathway (see figure 3) (Leang et
al., 2003), revealed a significant up-regulation of the ccpA expression level compared to

the wild type grown in acetate-limiting Fe(III) citrate continuous culture (Leang et al.,
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2005). This indicates that CcpA may play a role in an alternative electron transport
chain to the terminal ferric iron reductase under these conditions.

Otherwise, CcpA and MacA reveal typical spectroscopic features (see results 5.2) and a
typical threedimensional structure (see results 5.6) of bacterial diheme cytochrome ¢

peroxidases as well as peroxidases activity in vitro (see results 5.3).

6.1.1 Gene Expression of ccp4 and macA in the relg,, Mutant

Evidence that CcpA and MacA are not necessarily involved in Fe(IIl) reduction but
rather in stress response was provided by the analysis of the relg,, mutant of Geobacter
sulfurreducens (DiDonato et al., 2006). The gene relg, encodes a RelA/ SpoT homolog
predicted to be involved in stress response. In bacteria and plants, the stringent response
occurs in reaction to limiting growth conditions with the signal molecule guanosine
3°,5’-bispyrophosphate (ppGpp) acting as a broad regulator during the adaptation of the
organism to a variety of environmental conditions (Chatterji and Ojha, 2001; Braeken et
al., 2006). In E. coli, two paralogous enzymes, RelA and SpoT, were detected that
catalyze the synthesis and degradation of ppGpp (Magnusson et al., 2005). However, in
G. sulfurreducens (DiDonato et al., 2006), as in several other organisms (Wendrich and
Marahiel, 1997; Wendrich et al., 2000), one homolog of RelA/ SpoT is assumed to be
responsible for both, synthesis and degradation of ppGpp. For G. sulfurreducens, it was
shown that genes involved in protein synthesis are up-regulated and genes involved in
stress responses and electron transport are down-regulated in the relg, mutant
(DiDonato et al., 2006). Genes that are down-regulated include pild, omcS, omcB,
macA, ccpA, desulfoferrodoxin and the rubrerythrin encoding gene GSU2814. In
addition to the finding that the oxidative stress response was impaired in the relgs,
mutant, the capacity of Fe(Ill) reduction was also lower compared to the wild type.
Thus, the study illustrates the complexity of the regulation of both, the stringent
response and the Fe(Ill) reduction in G. sulfurreducens. But probably, the stringent
response plays an important role in adjusting growth in a substrate-limiting environment
and hence, the decreased ability of the relg,, mutant to reduce Fe(Ill) is only a

concequence of the oxidative stress.

6.1.2  Gene Expression of ccp4 and macA in the rpoS Deletion Mutant

On the transcriptional level, sigma factors represent further prokaryotic regulators of the
stress response. It is well known that they confer specific binding of the RNA

polymerase to promoter sites, thus initiating transcription (Wosten, 1998).
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G. sulfurreducens has at least six genes encoding homologs of sigma factors (Nunez et
al.,2004).

Expression analysis showed that the sigma factor ¢° (RpoS) of G. sulfurreducens
activates genes involved in oxidative stress resistance and adaption to nutrient
limitation. Activation of these genes by RpoS corresponds to a decreased gene
expression in the 7poS mutant.

The macA gene is RpoS dependent (Nunez et al., 2006) and is significantly down-
regulated in the 7poS mutant during growth on fumarate, as well as the genes encoding
CcpA and the proteins ferredoxin (GSU3187), rubredoxin (GSU3188) and
desulfoferrodoxin (GSU0720) which are implicated in the oxidative stress response.
The transcriptional regulation of these genes is consistent with the role of RpoS in
oxidative stress response which is additionally confirmed by the decreased tolerance of
oxygen during growth of the 7poS mutant. (Nunez et al., 2004)

During growth on Fe(III) citrate a similar change in gene expression is observed in case
of macA suggesting that the expression is not regulated by the electron acceptor.
Likewise, the expression of ccpA is positively regulated by RpoS in the presence of
Fe(IlI) (Nunez et al., 2006).

As the expression levels of ccp4 and macA are diminished in the 7poS mutant (Nunez et
al., 2006), a decrease in the reduction of Fe(III) citrate is expected for the 7poS mutant if
CcpA or MacA were directly involved in electron transfer to Fe(Ill). But the mutation in
the rpoS gene only effected the reduction of insoluble Fe(IIl) and not the reduction of

fumarate or soluble iron in form of Fe(III) citrate (Nunez et al., 2004).

6.1.3  Genome Regions of ccpA4 and macA

The genetic arrangement of the ccpA region differs from that of macA. The region
around the ccpA gene contains a rubrerythrin-encoding gene (GSU2814) which has
been implicated in oxidative stress response in anaerobic microorganisms (Fournier et

al., 2003) and a glutaredoxin gene (GSU2812).
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Figure 57: Genome region of MacA (GSU0466) and CcpA (GSU2813). GSU0467 and GSU0468 are
hypothetical proteins with most similar proteins found in G. uraniumreducens Rf4 and G. lovieyi SZ
(BLASTP). According to The Institute of Genomic Research (TIGR) GSU0469 is annotated as a
hypothetical protein, GSU0470 as sigma-54 dependent response regulator and GSU0471 as sensor
histidine kinase. GSU2811 is annotated as cytochrome ¢ Hsc, GSU2812 as glutaredoxin family protein
and  GSU2814 as rubrerythrin. The operons are designated  according  to
www.geobacter.org/research/genomescan/Gsul_annotation.txt.

Upstream of the macA gene, a sigma-54 dependent response regulator and a sensor
histidine kinase are located. The presence of genes encoding proteins involved in the
oxidative stress response in the immediate surrounding of the ccpA and macA genes

strongly indicates that both proteins are involved in stress regulation.

6.1.4  Description of the macA Deletion Mutant

Growth experiments with the macA4 deletion mutant lead to the conclusion that MacA is
not required for the toleration of oxidative stress (Butler et al., 2004). However,
Geobacter sulfurreducens tolerates O, (Lin et al., 2004) and possesses several enzymes
that putatively participate in the elimination of reactive oxygen species (Meth¢é et al.,
2003).

The superoxide dismutase (SOD) catalase oxidative stress defense system generates
oxygen and hydrogen peroxide from superoxide (SOD) and subsequently catalyzes the
conversion from hydrogen peroxide to oxygen and water (catalase). An alternative
system consists of rubrerythrin (Rbr) and rubredoxin oxidoreductase (Rbo, also called
desulfoferrodoxin) and is suggested to play a role in cytoplasmic oxidative stress

response in anaerobic microorganisms (Lumppio et al., 2001):

¢ +0, +2H > H,0, (Rbo)
NADH + H" + H,0, = NADH + 2 H,O (Rbr).
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By this system, superoxide and hydrogen peroxide are reduced to water without the
generation of oxygen which is especially important for the detoxification of reactive
oxygen species in anaerobes. In addition to the possible presence of proteins involved in
oxidative stress response, CcpA was detected in the same membrane fraction of
Geobacter sulfurreducens as MacA (Butler et al., 2004). Expression of CcpA is still
possible in the macA4 mutant so that CcpA could have taken over the function of MacA.
Geobacter sulfurreducens cells grown on ferric citrate instead of fumarate revealed a
higher expression of Rbo and lower expression of SOD (Khare ef al., 2006). In addition,
a cytosolic protein was identified as a catalase/ peroxidase in ferric iron grown but not
in fumarate grown cultures, thus illustrating that the mechanism of protection against
oxidative stress is differentially regulated under various growth conditions. The
presence of several proteins involved in the “decomposition” of hydrogen peroxide
explains that wild type cells as well as macA deficient mutant cells exposed to low
concentrations of hydrogen peroxide survive.

The fact that growth of the macA mutant was significantly inhibited during growth on
iron (Butler et al., 2004) does not necessarily lead to the conclusion that MacA is an
intermediate in the electron transfer chain to iron. On one hand, the experiments with
the macA deletion mutant were performed with the soluble iron source Fe(Ill) citrate
which may result in unexpected and unrecognized consequences. Furthermore, MacA
might influence the expression levels of proteins directly involved in electron transfer
(Kim et al., 2005) leading to the observed, inhibited Fe(Ill) reduction in the macA
deletion mutant.

MacA was more highly expressed during growth on Fe(IlI) than on fumarate (Butler et
al., 2004), but in another study no correlation between the expression pattern of MacA
and iron (III) reduction was exhibited (Ding et al., 2006). Instead, new c-type
cytochrome candidates (GSU0105, GSU0701, GSU2515) have been discovered, that
might also be involved in the electron transfer pathway to Fe(IIl) (Ding et al., 2006).

6.1.5 Inspection of the omcB Deletion Mutant

The omcB deletion mutant can adapt to growth on soluble Fe(III) but not on insoluble
Fe(IlI), pointing out that there are differences in electron transfer to soluble Fe(III)
citrate and to the environmentally relevant iron oxides (Leang et al., 2005).
Furthermore, this study demonstrates that there are different mechanisms of electron
transport to Fe(Ill) citrate as OmcB is not required for the growth on soluble Fe(III).

The adaption of the omcB deletion mutant to growth on Fe(III) citrate was accompanied
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by increased transcription levels of electron transfer protein encoding genes GSU0594,
GSU2494, GSU2495, GSU2503 (OmcT), GSU2504, GSU2811 and GSU2813 (CcpA).
Up-regulation of the rel4 homolog as well as other stress response protein encoding
genes indicates that the omcB deletion mutant is exposed to oxidative stress, thus

explaining the increased transcription levels of CcpA.

6.1.6 Implications for the Function of CcpA and MacA

The identification of many proteins that are putatively involved in Fe(Ill) reduction
indicates a network of c-type cytochromes acting in electron transfer to insoluble iron.
The finding that the disruption of one single gene impairs the Fe(III) reduction can have
many reasons and does not necessarily prove the identification of an intermediate in the
Fe(III) reduction pathway. The high number of c-type cytochromes in the genome of
Geobacter sulfurreducens provides the possibility of several alternative electron transfer
chains, depending on the physiological and metabolic state of the cells. This hypothesis
is supported by the study of Ding and coworkers (2006) that illustrates the difference in
expression pattern depending on the metabolic state (differences in late-log and mid-log
phase cultures). Furthermore, solid iron oxides represent the most abundant electron
acceptors in subsurface environments, but in most laboratory experiments soluble iron
citrate is used for comparative analysis of the physiological or metabolic adaptation to
the presence or absence of metals. This means that many of the observed effects may
not be connected to the dissimilatory metal reduction.

It was proposed above that Geobacter sulfurreducens can employ different mechanisms
in the reduction of Fe(Ill) that may involve any electron transferring protein including
CcpA and MacA. But CcpA and MacA reveal in vitro peroxidase activity, and in
addition, the transcription and expression patterns of CcpA and MacA discussed
precedingly suggest that both enzymes are involved in stress response rather than in

electron transfer to insoluble Fe(III) oxides.

6.2 Bacterial Cytochrome c Peroxidases

6.2.1 Dimer Formation

The heterologous expression of CcpA and MacA (see results 5.1) allowed an easier
handling of the cells and the purification by affinity chromatography facilitated the
specific purification. Size exclusion chromatography of both enzymes revealed a

molecular weight of 73.94 kDa for CcpA and of 67.45 kDa for MacA resulting from
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dimer formation as observed in other bacterial cytochrome ¢ peroxidases (Arciero and
Hooper, 1994; Gilmour et al., 1994; Alves et al., 1999; De Smet et al., 2001). The
lower value of 67.45 kDa provided by size exclusion chromatography in comparison to
the calculated molecular weight of 76.58 kDa for the MacA dimer might be explained
by a monomer-dimer equilibrium (Alves et al., 1999) rather than by proteolysis (see
results 5.5.5).

The dimeric appearance of CcpA and MacA becomes visible in the crystal packing (see
figures 46 and 47). However, MacA exhibits a further, large interface in the crystal
packing that has nearly the same area as the expected dimer interface. The mutation of
one residue in both possible dimer interfaces did not have any effect on the retention
time in size exclusion chromatography (data not shown), such that the formation of an

alternative dimer cannot be excluded at this point.
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Figure 58: Dimer of CcpA from Geobacter sulfurreducens (left) and of the Nitrosomonas europaea (Nie)
cytochrome ¢ peroxidase. The calcium ion is colored in yellow and the heme groups are colored in green.
Tryptophan 73 from CcpA and the homologous tryptophan 61 of the Nie cytochrome ¢ peroxidase are
depicted in stick mode.

Like the dimer interface in other cytochrome ¢ peroxidases (Fiilop et al., 1995), the
dimer interface in the CcpA as well as in the MacA dimer is hydrophobic by nature. In
the active form of the enzyme, the contact between the two monomers is additionally
stabilized by a m-stacking interaction. The flexible loop of the Nitrosomonas europaea
peroxidase carrying His59 (Shimizu et al., 2001) as well as the flexible loop of the
Paracoccus pantotrophus enzyme containing His85 (Echalier et al., 2006) are oriented
towards the dimer interface where the side chain of two related tryptophan residues
form contact. In the structures of the oxidized forms of CcpA and MacA, the

conformation of the corresponding loop places Trp73 close to the heme group.
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6.2.2  Electron Excitation Spectra

The electron excitation spectra of MacA and CcpA show a weak absorption maximum
at 640 nm in the oxidized as well as in the ascorbate-reduced and calcium-treated
protein (see 5.2). This signal suggests a high spin/ low spin equilibrium of one heme
group. Cytochrome ¢ peroxidases of Paracoccus denitrificans (Gilmour et al., 1993)
and Pseudomonas stutzeri (Timoteo et al., 2003) also show a weak absorption band at
630 nm that has been shown to be due to high spin/ low spin equilibrium in the high
potential heme. However, the formation of the high spin state at the low potential heme
is correlated to the enzyme activation in Paracoccus denitrificans (Gilmour et al.,
1994).

The cytochrome ¢ peroxidase of Pseudomonas stutzeri exhibits no difference between
the spectrum of the ascorbate-reduced and the ascorbate-reduced and calcium-treated
enzyme (Timoteo et al., 2003), in accordance with the calcium-independent activity of
the enzyme. Obviously, the cytochrome ¢ peroxidase of Pseudomonas stutzeri does not
need additional calcium for high spin formation when the enzyme is reduced with
ascorbate only. The spectra of CcpA and MacA suggest that there is a difference in the
activity of untreated and calcium-treated enzyme. However, no calcium-dependent
increase could be detected for the cytochrome c¢ peroxidases of Geobacter

sulfurreducens so far (see results 5.3).

6.2.3  The Calcium Binding Site

The calcium binding site localized in the domain interface is occupied in most of the
cytochrome ¢ peroxidase structures (Fiilop et al., 1995; Shimizu et al., 2001; Echalier et
al., 2006) including the CcpA and MacA structures (see results 5.6.6), but is missing in
the low pH structure of the Pseudomonas nautica IN-form (Dias et al., 2004). The
protein of Pseudomonas nautica was crystallized at a pH value of 4 which might have
caused non-physiological conformations. Hence, the oxidized and mixed valence
structures of Paracoccus pantotrophus cytochrome ¢ peroxidase (Echalier ef al., 2006)
are consulted in the following to compare the inactive and active state of the enzyme.

The cytochrome ¢ peroxidase from Paracoccus denitrificans was proposed to have two
different calcium binding sites (Gilmour ef al., 1995). One is usually occupied (site I),
corresponding to the calcium binding site identified in most of the structures of
cytochrome c¢ peroxidases, and the other is empty or only partially occupied in the

oxidized enzyme (site II). Binding of Ca®" to site II of the Paracoccus denitrificans
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enzyme corresponds to the dimerization state and is essential for the formation of the
high spin state at the low potential heme (Gilmour ef al., 1995).

Members of the bacterial diheme cytochrome ¢ peroxidases vary in the affinity of site 11
for Ca®*. The enzymes of Pseudomonas nautica and Paracoccus denitrificans behave
similarly (Alves et al, 1999), but the enzymes of Rhodobacter capsulatus and
Pseudomonas stutzeri do not require added Ca®" for activation (De Smet ef al., 2001;
Timoteo et al., 2003).

Both enzymes from Geobacter sulfurreducens, MacA and CcpA, show high affinity for
calcium at site I as the Ca®" ion was found in the structures even without addition of
calcium througout the whole purification procedure (see 4.2.3.2, 4.2.3.3 and 5.1). The
second calcium binding site proposed to be involed in dimerization (Gilmour et al.,
1995; Atack and Kelly, 2007) has neither been found in the structures of CcpA and
MacA nor in any cytochrome ¢ peroxidases structure, although CcpA and MacA form
dimers (see 5.1.1 and 5.1.2).

Until now, the exact role of the second calcium binding site remains unclear because it
could not be identified so far and is inconsistent through the cytochrome ¢ peroxidases
of different species. Furthermore, physiological concentrations of free Ca*” are between
100 to 300 nm (Dominguez, 2004) and thus are much lower than the calcium

concentration of 1 mM employed in the calcium treatment of the enzymes.

6.2.4 Enzyme Activity

Bacterial cytochrome ¢ peroxidases are located in the periplasm where their likely
function is the protection of the cell against reactive oxygen species. The enzyme
catalyzes the conversion of hydrogen peroxide to water by transferring electrons from
electron donors such as cytochrome ¢ and pseudoazurin to H,O, (Timoteo et al., 2003;
Pauleta et al., 2004a; Pauleta et al., 2004b). However, in Geobacter sulfurreducens, no
homologs of putative electron donors could be identified (Butler et al., 2004).

As are CcpA and MacA, the cytochrome ¢ peroxidase from Neisseria gonorrhoeae is
associated with the membrane (Turner et al., 2003; Butler et al., 2004), but in contrast
to the Geobacter sulfurreducens enzymes, the Neisseria gonorrhoeae protein was also
found membrane-associated when it was expressed heterologously in E. coli. It is
unclear why the protein is membrane-associated (Atack and Kelly, 2007), but one
possibility is that the cell keeps the enzyme in closer proximity to its electron donor in

the membrane.
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Due to the positively charged surface of CcpA and MacA, a peripheral association of
the proteins to the membrane is possible so that electrons might be received directly
from electron transport proteins located in the inner membrane, such as the cytochrome
bc) complex. A BLAST search pointed out that Geobacter sulfurreducens has neither a
homolog of cytochrome c¢; nor of cytochrome f. Instead, Geobacter sulfurreducens
possesses unusual bcj-complexes consisting of typical cytochrome b and iron-sulfur
protein subunits, but having replaced the cytochrome ¢; and cytochrome f, respectively,
by a different c-type cytochrome (Yanyushin et al., 2005).

Cytochrome ¢ and the cytochrome ¢ peroxidase are thought to interact electrostatically
in Paracoccus dentrificans, Pseudomonas aeruginosa and in Pseudomonas nautica
(Atack and Kelly, 2007). In vitro, horse heart cytochrome ¢ can also act as electron
donor, thus replacing the physiological electron donor in the assay (De Smet et al.,
2001). However, docking simulations revealed that the physiological electron donor
cytochrome cssg of Paracoccus denitrificans and horse heart cytochrome ¢ bind at
different positions of the cytochrome c¢ peroxidase, with horse heart cytochrome c
between the two heme groups (Pettigrew et al., 1999).

The fact that enzyme activity of CcpA and MacA could not be detected with bovine
heart cytochrome ¢ might be due to the significantly different surface potential of the
two enzymes compared to other cytochrome ¢ peroxidases (see 5.3 and 5.6.5).

The low activity of oxidized MacA (see 5.3) can be explained by the fact that the
oxidized enzyme can neither provide enough reducing equivalents, nor an accessible
active site. The enzyme of Paracoccus denitrificans is most active when the high
potential heme is reduced and the low potential heme is oxidized in high spin state
(Gilmour et al., 1994). Reduction of the enzyme with ascorbate or diaminodurol
enhances the activity 15-fold compared to the oxidized enzyme. Additional incubation
with Ca®" doubles the activity in Paracoccus denitrificans supporting the hypothesis
that the mixed valence high spin form of the enzyme is the active form and Ca®’
promotes this state. The calcium effect can be replaced by Mg** (Gilmour et al., 1994).
The specific activity of reduced CcpA and MacA is within the range of 2 pmol min™
mg” (see results 5.3) while the cytochrome ¢ peroxidase of e.g. Pseudomonas nautica
reveals a specific activity of ~ 100 umol min™ mg™ (Alves et al., 1999), approximately
50-fold higher. However, comparison of enzyme activities of the cytochrome c
peroxidase of Pseudomonas aeruginosa and Rhodobacter capsulatus revealed a large
difference as well, with a turnover number of 90 s™' and 1060 s , respectively (De Smet

et al., 2006). Furthermore, different enzyme activities were determined with different
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electron donors (Timoteo et al., 2003). The physiological electron donor of the
cytochrome ¢ peroxidase of Nitrosomonas europaea is not identified yet (Arciero and
Hooper, 1994) so that the activity was determined with horse heart cytochrome ¢ as
electron donor. The turnover number of 3 s shows clearly that the absolute value of the
activity depends on the method. In comparison, MacA has a turnover number of 35 s™.
In case of Paracoccus denitrificans, calcium activation was required in order to obtain
optimal enzyme activity (Gilmour et al., 1994). Pre-incubation had no effect on the
activity of the Pseudomonas stutzeri enzyme with cytochrome css; as electron donor.
The presence of calcium even inhibited the oxidation of horse heart cytochrome c
(Timoteo et al., 2003).

All these results indicate that absolute values for the enzyme activity strongly depend on

the electron donor as well as on the treatment of the enzyme.

6.2.5 Catalytic Reaction Mechanism of Cytochrome c Peroxidases

The mechanism of hydrogen peroxide reduction differs within eukaryotic monoheme
cytochrome ¢ peroxidases and diheme bacterial cytochrome ¢ peroxidases how they
store oxidizing equivalents and the type of heme they use. In contrast to the eukaryotic
cytochrome c¢ peroxidases, the bacterial enzymes do not generate a free radical
intermediate.

Several studies indicate that upon reduction of the C-terminal, high potential heme and
in the presence of calcium, the active site gets accessible to the substrate (De Smet et
al., 2006), thus representing the active state of the enzyme. Two models of the
activation mechanism have been proposed (Prazeres ef al., 1995; De Smet et al., 2006).
In the first model, the N-terminal heme represents the peroxidatic center and would
switch from low spin to high spin state while the active site is accessible from the
solvent upon release of the sixth heme ligand. In the second model, in addition to a spin
change a ligand switch is proposed. In the low potential heme, the distal histidine would
be replaced by a methionine packing in the mixed valence form of Paracoccus
pantotrophus against one edge of the distal surface of the active site heme group (De
Smet et al., 2006), while the high potential heme would lose the distal methionine. In
contrast to the prevailing opinion, this activation mechanism would place the active site
at the high potential heme.

Structural data of the Nitrosomonas europaea and Paracoccus pantotrophus
peroxidases showing that the N-terminal heme group is penta-coordinated and that the

distal histidine is released in the active form of the enzyme favor the first model. In
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addition, mutagenesis of the proposed switch ligand methionine to leucine in the
Rhodobacter capsulatus enzyme results in an enzyme that is less active than the wild
type. But the fact that the leucine mutant is still active supports the first model more
than the second one (De Smet et al., 2006).

Independent of the difference in the reaction mechanism between the Nitrosomonas
europaea enzyme type and the other peroxidases, there is still a difference in the
regulation of the accessibility for the hydrogen peroxide to the active site. The enzyme
of Nitrosomonas europaea is unable to protect the active site in reaction to a decrease of
electron supply (Pettigrew et al., 2006), in contrast to the other peroxidases that can
regulate the resting and the mixed valence state so that the binding of hydrogen
peroxide can be avoided under conditions of insufficient electron availability.

In the structure of the active Nitrosomonas europaea enzyme as well as in the structure
of the active Paracoccus pantotrophus cytochrome ¢ peroxidase (Shimizu et al., 2001,
Echalier et al., 2006), a glutamic acid is in close proximity to the active site and is
proposed to act as the initial proton acceptor from hydrogen peroxide in a way similar to
chloroperoxidase (Sundaramoorthy et al., 1995; Sundaramoorthy et al, 1998). In
chloroperoxidase, the catalytic base essential to promote the cleavage of the O — O bond
and thus to form compound I is glutamic acid rather than histidine as in other
peroxidases (Poulos and Kraut, 1980).

This glutamic acid residue is conserved among the bacterial cytochrome ¢ peroxidases.
Probably due to the flexibility of the loop, the residue is missing in the oxidized
structure of the Paracoccus pantotrophus enzyme. In the oxidized structures of MacA
and CcpA, the glutamic acid is distant to the active site and need to be rearranged if the
residue is considered as heterolytic catalyst. But even if the residue is missing in the
oxidized Paracoccus pantotrophus structure, it is expected to be located in a similar
way. Upon enzyme activation, the loop is rearranged and brings the glutamic acid

residue in close proximity to the active center (figure 59).
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Figure 59: left: Glutamic acid as putative catalytic base. The heme groups, the proximal histidine and the
glutamic acid are shown in stick mode. The distal histidine in the oxidized form of the cytochrome c
peroxidase of Nitrosomonas europaea (green, pdb accession code 11QC) and in the mixed valence form
of the cytochrome ¢ peroxidase of Paracoccus paracoccus (grey, pdb accession code 2C1V) is released
from the heme. Right: The glutamic acid in the oxidized, inactive form of MacA (grey) and CcpA (green)
points away from the active center.

Site-directed mutagenesis of the glutamic acid residue to a leucine leads to the loss of
activity in Rhodobacter capsulatus indicating that glutamic acid is essential for the
activity (De Smet et al., 2006). However, the expected pH-dependent change in activity
upon mutation of Glull7 to a histidine or a lysine was not observed as all the three

glutamic acid mutants of Rhodobacter capsulatus were inactive.

Upon reduction of hydrogen peroxide, one electron is drawn from the reduced high
potential heme getting re-oxidized. The second electron is extracted from the low
potential heme forming an oxo-ferryl center (Ellfolk et al., 1983). While one of the two
substrate oxygens leaves as water, the other is bound to the iron forming the Fe'¥ = O
species of compound I. Subsequently, compound I is reduced yielding compound II.
According to DeSmet et al. (2006), the low potential heme group then is penta-
coordinated and a water molecule is released. Atack and Kelly (2007) however suggest
a Fe’" - OH group at the low potential heme and the release of a water molecule in a
subsequent step. The final reduction of the high potential heme closes the reaction
cycle.

The cytochrome ¢ peroxidase of Nitrosomonas europaea represents the only exception
known so far. In comparison to other bacterial cytochrome ¢ peroxidases, the active site
of the Nitrosomonas europaea enzyme is able to bind substrate in the oxidized state
(Shimizu et al., 2001; Bradley et al., 2004). The suggested mechanism is more similar
to that of eukaryotic cytochrome ¢ peroxidases (see figure 8), as the formation of a

stable radical Fe'¥ = O R™ is involved in the generation of compound I while the nature
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of the residue R is not clear so far. However, the possibility that the Fe'¥ = O R™ state is
an intermediate as well in the other cytochrome ¢ peroxidases cannot be excluded,
because the reduction by an electron from the electron-transferring heme is very rapid
(Pettigrew et al., 20006).

6.2.6 Electron Transfer in Cytochrome c Peroxidases

Figure 60: Electrostatic surface potential of several cytochrome ¢ peroxidases. The cytochrome c
peroxidases of Geobacter sulfurreducens are compared to the enzymes of Pseudomonas aeruginosa
(Psa), Pseudomonas nautica (Psn) and Nitrosomonas europaea (Nie). The site of the electron transferring
heme is indicated with arrows.

The high potential heme is directly accessible from the surface. The proposed
interaction surfaces for the small redox proteins surround the exposed edge of the
electron transferring heme. It was shown for Paracoccus pantotrophus that cytochrome
¢ and pseudoazurin bind competively at the same site close to the electron-transferring
heme and the pair of electrons is delivered one at a time to the electron-transferring

heme (Pauleta et al., 2004a).
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Besides the activation of the enzyme and the reaction cycle, the cytochrome c¢
peroxidase enzymatic reaction involves also electron transfer between the two heme
groups. Neither the heme distance nor the orientation of the cofactors is altered in the
different redox states (Echalier et al., 2006), so that the electrons have to overcome a
distance of at least 10 A from one propionate to the other.

Electron transfer between redox centers often occurs over distances of 10-20 A through
the mechanism of electron-tunneling (Canters, 1992; Page et al., 2003). Several routes
for electron transfer from the high potential heme to the low potential heme have been
proposed (Fiilop et al., 1995). One pathway includes the proximal histidine of the high
potential heme, the protein backbone and the propionate of the low potential heme.
Alternatively, the electrons could leave the heme via the propionates and reach the
proximal histidine of the low potential heme via the calcium and the protein backbone.
However, the most likely pathway exhibits the shortest distance and the most direct way
for electron transfer via the propionates and involves the conserved tryptophan lying in
the same plane as the high potential heme, perpendicular to the low potential heme. This
region in between the two heme groups is conserved within the cytochrome c
peroxidases (see figure 12 and 33) and probably reflects the precisely and optimally

evolved electron-conducting pathway between the two hemes.

Figure 61: Arrangement of the heme groups and the tryptophan. Left: Oxidized (blue) and mixed valence
state (grey) form of Paracoccus pantotrophus cytochrome ¢ peroxidases. Right: IN (blue) and OUT
(grey) form of Pseudomonas nautica cytochrome c peroxidases.

Comparing both crystal forms, the IN and the OUT form of Pseudomonas nautica, a
rearrangement in the tryptophan residue thought to be involved in electron transfer
occurs (Dias et al., 2004). Phe93 is moving out of the pathway in the OUT form
allowing Trp94 to occupy the position between both propionates. However, this
conformation of Trp94 in the IN form is so far only observed in the Pseudomonas
nautica structure and might be due to the crystallization conditions (see 6.2.3). The
disruption of the calcium binding site probably causes this conformational change of the

tryptophan, thus the localization of the tryptophan in between the heme groups as
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observed in the structures of CcpA and MacA represents the physiological

conformation.

6.3 RoxA

In many cases, comparing 3D structures may reveal biologically interesting similarities
that are not detected by sequence comparison alone. The sequences of RoxA (74.1 kDa)
and MacA (38.3 kDa) are not very similar concerning the whole amino acid sequence.

However, several sequence regions are conserved.

MacA PRNSIHITVILNAV YN I A[elg,pelle]
CecpaA PRNAJPMTVINSVENT Afely,inlle

RoxA MTEKAJAWWARAFK T R{eglinie

MacA YV[FRSIFSHRNVIATEyMizR@R:S (e KAYW KK DA
CcpA YV[FRAJFSHMRN|VIAIESYIR@W:1S (&YW SIAK EA
RoxA TG ITAIRPMY GAWARYAIRGR:IN{ESYP NRW G|V

Figure 62: Alignment of the RoxA sequence to the sequences of the G. sulfurreducens peroxidases CcpA
and MacA. In the upper part, the sequences of MacA and CcpA comprise residues 76-96, and the
sequence of RoxA comprises residues 284-304. In the lower part, the sequences of MacA and CcpA
comprise residues 243-271, and the sequence of RoxA comprises residues 499-527.

Structurally similar proteins should be detected with DALI by a multiple alignment of
structural neighbours. The database search resulted in the identification of three c-type
cytochromes with maximal Z-value of 4.7 indicating that the similarity is not very high.

The sequence of RoxA has no significant similarity to any protein in the data base
except for short sequence parts comprising amino acids that are located in between the
two heme groups in bacterial diheme cytochrome c¢ peroxidases (see figure 62)
(Jendrossek and Reinhardt, 2003). However, a DALI search did not uncover structural

similarities among RoxA and the cytochrome ¢ peroxidases.



6 Discussion 96

Figure 63: Superposition of RoxA and the cytochrome c¢ peroxidase MacA from Geobacter
sulfurreducens by fitting of the heme groups in PYMOL. RoxA is colored in green and the MacA
monomer is colored in grey.

RoxA is monomeric and the two domain structure of MacA can be placed inside the
structure of RoxA by superimposing both heme groups (see figure 63). Concerning the
overall structure of RoxA and the monomer of MacA, a representative of cytochrome ¢
peroxidases, the two structures are quite different. By closer examination of the amino
acids around the heme groups, however, similarities among the two enzymes become
apparent.

The calcium binding site is localized in the interface between the two peroxidase
domains, thus serving the stability of the enzyme. In the structure of RoxA, two facing
loops are arranged in a similar way, but instead of a calcium ion, a lysine interacts with
the carbonyl groups of Thr512 and Pro514. The fact that this stabilization is important
and promotes the right positioning of important residues in electron transfer between the
hemes is shown by the IN-form of the Pseudomonas nautica cytochrome ¢ peroxidase
which lacks the calcium ion due to non-physiological crystallization conditions (see

figure 61).
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Figure 64: Superposition of RoxA and MacA by fitting the heme groups. MacA (grey) involves a
calcium binding site in stabilizing the loops. The contact between the two loops in RoxA (green) is
maintained by the interaction of lysine with two carbonyl groups (2.72 A and 2.85 A distances). This
calcium ion is absent in the RoxA structure.

The electron-transferring heme in cytochrome ¢ peroxidase is histidine-methionine
coordinated and is directly accessible from the surface. In the structure of RoxA, the
corresponding bis-histidinyl coordinated heme group is near the surface but is shielded
from the solvent by amino acids. The second heme group is proposed to be the active
site and is penta-coordinated in the crystallized form of RoxA with a histidine as
proximal iron ligand.

Electron transfer between both heme groups seems to be very similar to that in bacterial
cytochrome ¢ peroxidases (see 6.2.6). Not only the distances between the heme groups
and the orientation towards each other is homologous, but also important residues
proposed to mediate electron transfer are present in the RoxA structure. Trp302 is
situated between the propionates and is considered to be essential for the electron
transport that runs from the bis-histidinyl coordinated heme group via the propionates

and the tryptophan to the active center heme group.
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F

Figure 65: Superposition of RoxA and MacA by fitting the heme groups in PYMOL. View of the
arrangement of the heme groups in MacA (grey) and RoxA (green). Residues with similar conformation
include Trp302 (corresponding to Trp94 in MacA), His517 (corresponding to His261 in MacA) and the
outlier in the Ramachandran plot Phe516 (corresponding to Phe260 in MacA, see 5.5.6).

The similarity of this region probably corresponds to a similar mode of electron transfer
between the two heme groups. However, the mechanism of the reaction itself seems to
be different. RoxA is suggested to catalyze a dioxygenase-mediated cleavage of natural
rubber (Braaz et al., 2005). The distal heme binding pocket compared to the active form
of the Paracoccus pantotrophus cytochrome c¢ peroxidase exhibits quite different

residues and does not seem to be conserved.

R J = H—0
+ 0, ! R
me ) Felll [ Felll [ Felll -FMIH
| | | | |
His His His His His

Figure 66: Proposed dioxygenase reaction mechanism for the cleavage of natural rubber by RoxA
according to Braaz ef al. (2005).

The access of the substrate to the active site is subject to speculations as the crystallized

form of RoxA does not provide access to the active site. In order to create an accessible
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reaction center, rearrangements of the protein above the free coordination site of the
heme group are necessary. The access of hydrogen peroxide to the active site of the
cytochrome ¢ peroxidase is achieved by the movement of the loop containing the sixth
heme ligand out of the protein. This enzyme activation cannot be transferred to RoxA as
the structure above the heme group is totally different with compact a-helices instead of
a flexible loop. However, the a-helices pointing up can be part of the substrate channel
as many hydrophobic residues are located there. Probably, these large required
rearrangements cause the low activity of 300 mU/ mg (Braaz et al., 2005).

The assumption that electron transfer between the two heme groups occurs and is
necessary for the reaction disagrees with the proposed dioxygenase reaction mechanism
suggesting the transfer of the oxygen molecule to the substrate without electron transfer.
Several possibilities explaining electron transfer during the enzymatic reaction are taken
into account. The alternative that RoxA rather functions as a monooxygenase than as a
dioxygenase is consistent with experimental data that do not exclude a monooxygenase
mechanism (Braaz et al., 2005). Alternatively, RoxA might catalyze further reactions
which require electron transport. This shows that the model (see figure 66) of the
dioxygenase mechanism is subject to speculations and needs to be confirmed or
adapted.

Due to a similar core of the MauG protein to peroxidases, Pettigrew and coworkers
(2006) suggest a different reaction mechanism as proposed by Wang et al. (2003) for
the MauG protein. According to this, MauG binds methylamine dehydrogenase
(MADH) and a reactive species generated by MauG diffuses into the interior of MADH
to react with the tryptophan. However, a peroxidase reaction mechanism cannot be
considered for RoxA as the protein does not exhibit peroxidase activity (Braaz et al.,

2005) but a similar scenario might be possible.
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8 Abbreviations

A Angstrom

ABTS 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
APS ammonium persulfate

BCA bicinchoninic acid

bp base pairs

ccm cytochrome ¢ maturation

Cep cytochrome ¢ peroxidase

Da Dalton

DESY Deutsches Elektronen-Synchrotron
DMRB dissimilatory metal-reducing bacteria
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxy-nucleoside-triphosphate

EDTA (Ethylenedinitrilo)tetraacetic acid
EMBL European Molecular Biology Laboratory
Fe iron

HEPES 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
HP high potential

IPTG Isopropyl B-D-thiogalactoside

Kwm Michaelis constant

LB Luria Bertani medium

LP low potential

MAD multiwavelength anomalous dispersion
Mn manganese

MOPS 3-(N-Morpholino)propanesulfonic acid
mRNA messenger RNA

NADH nicotinamide adenine dinucleotide, reduced form
OD¢oo optical density at 600 nm

PAGE polyacrylamide gel electrophoresis

PCR polymerase chain reaction

pdb The RCSB Protein Data Bank

PEG polyethylene glycol
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RNA
r.m.s.d.
SDS
TAE
Tc

TE
TEMED
TMAO
TMBZ
Tris

U

v/v

w/V

Xg

Amino acids
Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys

ocRXR T - Q@ ™ m g 0

Leu

ribonucleic acid
root-mean-square deviation
sodium dodecyl sulfate
Tris-acetate-EDTA
Technetium

Tris-EDTA
1,2-Bis(dimethylamino)ethane
trimetylamine N-oxide
3,3’,5,5’-tetramethylbenzidine
Tris(hydroxymethyl)aminomethane
uranium

volume per volume

weight per volume

times gravity

alanine
cysteine
aspartate
glutamate
phenylalanine
glycine
histidine
isoleucine

lysine

< £ <=8 ©vRO0TZZ

leucine

Met
Asn
Pro
Gln
Arg
Ser
Thr
Val
Trp
Tyr

methionine
asparagine
proline
glutamine
arginine
serine
threonine
valine
tryptophan

tyrosine
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