
X-ray structure analysis of two soluble cofactor containing enzymes.

D-amino acid oxidase

from the yeast Rhodotorula gracilis and the

nine heme cytochrome c

of the sulfate reducing bacteria Desulfovibrio desulfuricans Essex 6.

Dissertation submitted to

Fakultät für Biologie, Universität Konstanz, Germany

for the degree of

Doctor of Natural Science (Dr. rer. nat.)

presented by

Stephan Umhau

Konstanz, Januar 2000
Examiner: Prof. Dr. W. Welte
Co-examiner: Prof. Dr. S. Ghisla



Forschung ist das simple Vergnügen,
 etwas zu finden, was man früher nicht wußte.

Carl Friedrich von Weizsäcker



TABLE OF CONTENTS

Abbreviations 1
Zusammenfassung 2
Summary 5

CHAPTER I 7
Introduction 7
Proteins, the key component of life 7
Coenzymes, the essential helpers of enzymes 7
Flavoproteins have the cofactor flavin 8
Cytochrome c have the cofactor heme 9
Scope and research objectives of the present work 10

CHAPTER II 11
Methods for obtaining well-diffracting crystals and collecting
data suitable for X-ray structure determination 11
Abstract 11
Dynamic Light Scattering 12
Protein Crystallization 15
Cryoprotection 17
Substrate exchange 19
Crystal quality and perfection 19
Crystal Symmetry 20
X-ray diffraction 22
Data collection strategy 24
The phase problem 26

CHAPTER III 30
Structures of enzyme: substrate complexes at very high resolution
reveal the chemical reaction mechanism of flavin dehydrogenation
by D-amino acid oxidase 30
Abstract 30
Introduction 31
Results and Discussion 34
Structure determination 34
The mechanism of substrate dehydrogenation 38
High resolution and oxygen reactivity 40
Redox-state and bond length of the isoalloxazine ring 42
The mechanism of substrate dehydrogenation in the
dehydrogenase/oxidase class of flavoproteins 45
Conclusion 46
Materials and Methods 48
Spectral characterization, crystallization and data collection 48
Molecular replacement and refinement 48
Coordinates 50



CHAPTER IV 51
Structure and Mechanism of D-Amino Acid Oxidase from
Rhodotorula gracilis in complex with various ligands 51
Abstract 51
Introduction 52
Results and Discussion 54
Overall structure and topology 54
Mode of dimerisation 57
Crystal contacts of the N-Terminus 61
FAD Binding 63
Architecture of the active site 66
Active site residues 71
Modulation of the kinetic properties of RgDAAO 71
Conclusions 73
Materials and Methods 74
Protein preparation, crystallisation 74
Crystal soaking, data collection and reduction 74
Molecular replacement and refinement 74
Coordinates 76

Chapter V 77
The three-dimensional X-ray structure of nine heme cytochrome c
 of the sulfate reducing bacteria Desulfovibrio desulfuricans Essex 6
 at 1.89 Å resolution 77
Abstract 77
Introduction 78
Results and Discussion 80
Overall Structure 80
Heme arrangement 82
Topological comparison of nine heme cytochrome with tetraheme cytochrome c3 85
Superimposition of the tetraheme like domains 87
Loop insertions in the N-terminal domain 89
Electrostatic surface potential of the C-terminal domain 89
Conformational change of the reduced protein 90
Conclusions 92
Materials and methods 94
Protein Purification 94
Crystallization and establishment of cryo-conditions 94
Data collection and processing 94
Structure determination, model building and refinement 96
Dynamic light scattering 97

References 98
Danksagung 108
Publications 109
Curriculum Vitae 110



ABBREVIATIONS                                                                                                                              1

Abbreviations

c3 tetraheme cytochrome c3

CF3-D,L- Ala 3,3,3-Trifluoro-D,L-alanine

DAAO D-amino acid oxidase

DASO D-Aminosäure Oxidase

DdA Desulfovibrio desulfuricans ATCC 27774

DdE Desulfovibrio desulfuricans Essex 6

DESY Deutsches Elektronen Synchroton

DLS dynamic light scattering

DNA deoxyribonucleic acid

DT translational diffusion coefficient

FAD flavin adenine dinucleotide

hmc high molecular mass

MAD multiple wavelength anomalous dispersion

Mr molecular weight

NAD+ nicotinamide adenine dinucleotide (oxidised form)

Nhc nine heme cytochrome c

NMR nuclear magnetic resonance

ox oxidized

PEG poly(ethylene glycole)

pkDAAO D-amino acid oxidase from pig kidney

PRDDO partial retention of diatomic differential overlap

red reduced

RgDAAO D-amino acid oxidase from Rhodotorula gracilis

RH hydrodynamic radius of gyration

RNA ribonucleic acid
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Zusammenfassung

Das Ringsystem des Flavin stellt einen der versiertesten redoxaktiven Kofaktoren der

Natur dar und wird von vielen Enzymen verwendet um die verschiedensten chemischen

Reaktionen durchzuführen. Neben dem immerwährenden Interesse am Reaktions-

mechanismus bleiben grundlegende Fragen, wie die Aktivierung des Substrates und die

Reduktion des Flavins vor sich gehen, ein Fall für kontroverse Diskussionen. D-Aminosäure

Oxidase (DASO), ein Mitglied der Familie der Oxidasen, wird als das Schlüsselenzym für das

Verständnis des Mechanismus angesehen, welcher der Flavinkatalyse zugrunde liegt. Die

dreidimensionale Struktur von DASO aus Hefe bei extrem hoher Auflösung im Komplex mit

verschiedenen Substraten und Liganden erlaubt die zweifelsfreie Identifizierung der

Hydridübertragung als Mechanismus für die Dehydrogenierung. Der für diese Reaktion

alternativ diskutierte Carbanionenmechanismus kommt damit nicht mehr in Frage. Die

Hydridübertragung erfolgt ohne Einbeziehung funktioneller Gruppen und deutet darauf hin,

dass die korrekte Orientierung der Orbitale für die Katalyse extrem wichtig ist. Im aktiven

Zentrum wurde ein zweiatomiges Sauerstoffmolekül gefunden, welches auf der Re-Seite des

Flavin gebunden ist. Diese Beobachtung steht im Einklang mit der Hypothese, dass die

Aktivierung des molekularen Sauerstoffs nicht über eine kovalente Bindung mit dem Flavin

erfolgt. Die Ergebnisse, die hier präsentiert werden, sind von herausragender Bedeutung für

das Verständnis von Oxigenase und Dehydrogenase bei Flavoproteinen und zeigt ein

allgemeingültiges Konzept, das der Flavinkatalyse zugrunde liegt.

Der Vergleich der dreidimensionalen Strukturen von DASO aus Säugetieren und der

Hefe offenbaren zwei Hauptunterschiede, welche großen Einfluß auf die biologische Funktion

und die Physiologie haben. In der DASO aus Hefe gibt es einen langen Loop, der nicht an der

Katalyse beteiligt ist. Dieser Loop ist für die Bildung von Dimeren wichtig. Die Art des

Dimers ist anders als bei DASO von Säugetieren, denn man findet ein fast kugelförmiges

Teilchen in Lösung im Gegensatz zu einem ellypsoiden Teilchen. Wegen der vergrößerten

Kontaktfläche des Dimers ist das Protein der Hefe stabiler. Die katalytische Aktivität wird

nicht beeinflußt.

Bei DASO aus der Schweineniere wird die Bindungstasche von einem Deckel, der

aus elf Aminosäuren besteht, geschlossen. Dieser Deckel ändert seine Konformation und

erlaubt den Austausch von Substrat bzw. Produkt während der Katalyse (Mattevi et al., 1996).

Dieser Austausch ist der geschwindigkeitsbestimmende Schritt der Reaktion. Der
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entsprechende Loop von DASO aus Hefe besteht nur aus sechs Aminosäuren und ist zu kurz,

um als Deckel zu fungieren. Daher könnte das Fehlen des Deckels das Ergebnis der Evolution

sein, um eine höhere katalytische Aktivität zu erzielen. Die DASO-Strukturen mit

verschiedenen Liganden in der Bindungstasche erlauben für den Rest Tyr238 aus dem

Hefeenzym die Rolle des Deckels vorzuschlagen. Durch eine Konformationsänderung wird

ein Trichter geformt, durch den das Substrat aufgenommen werden kann. Ist das Substrat

gebunden wird die Bindungstasche von diesem Tyrosin geschlossen. Das Tyrosin bildet eine

Wasserstoffbrückenbindung zum Carboxyl des Substrates aus und fixiert es zusätzlich.

 Der DASO-Anthranilat-Komplex ist verschieden von den anderen Enzym-Substrat-

Komplexen, gerade weil zwei Anthranilatmoleküle in der Struktur zu finden sind. Eines ist

mit gleicher Orientierung in der Bindungstasche wie die übrigen Liganden gebunden. Die

minimale Anforderung für das Binden ist die Carboxylatfunktion, wobei die Aminogruppe in

die gleiche Richtung wie bei den Aminosäuren zeigt. Das Wassermolekül (Wat72), das in den

anderen Strukturen beobachtet wurde, ist vom hydrophoben Benzolring des Anthranilats aus

der Bindungstasche verdrängt worden. Dieses Wassermolekül spielt wahrscheinlich eine

wichtige Rolle bei der Hydrolyse des Substrates und dem entfernen des Produktes aus der

Bindungstasche. Ein weiteres gebundenes Anthranilatmolekül offenbart die wichtige Rolle

des Tyr238 und verrät die Orientierung des Substrates beim Erreichen der Bindungstasche.

Unabhängig von der Gruppe von Dr. Carrondo (Matias et al., 1998) wurde in dieser

Arbeit ein Multihämcytochrom mit neun Hämgruppen zum ersten Mal strukturell

charakterisiert. Die Kristall-Struktur von Nonahämcytochrom aus dem Sulfat reduzierenden

Bakterium Desulfovibrio desulfuricans Essex 6 wurde mit der Methode der multiplen

anomalen Dispersion bestimmt. Nonahämcytochrom besteht aus zwei Domänen, die dem

Tetrahämcytochrom entsprechen. Die beiden Domänen am N- und C-Terminus sind mit dem

neunten Häm verbunden, welches unterhalb der Oberfläche verborgen liegt. In seiner

definierten Position wird das Häm durch Loops der flankierenden Domänen fixiert. Eine

detaillierte Analyse der dreidimensionalen Struktur offenbart die Spezialisierung der

Domänen, um mit ihren physiologischen Reaktionspartnern zu wechselwirken. Der Bereich

positiver Ladung auf der Oberfläche der C-terminalen Domäne mit einem Häm im Zentrum

ist ein optimaler Akzeptor für Elektronen, die von der Hydrogenase kommen. In der N-

terminalen Domäne gibt es zwei exponierte Loops, die in den bekannten Tetrahämcytochrom

Strukturen nicht gefunden werden. Diese könnten die Wechselwirkung mit einem Membran

gebundenen Komplex verstärken. Dieser hochmolekulare Massenkomplex (hmc) ist in der

Cytoplasmamembran lokalisiert und ermöglicht den Transport von Elektronen aus dem
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Periplasma der Zelle ins Cytosol. Die Struktur in Verbindung mit den experimentellen

Ergebnissen von Fritz (1999) zeigen, daß Nonahämcytochrom als Elektronentransporter

zwischen der Hydrogenase und dem Komplex fungiert. Die eine Domäne ist der Akzeptor

von Elektronen, während die andere der Donor ist. Das neunte Häm in der Mitte ermöglicht

den Transport der Elektronen innerhalb des redoxaktiven Moleküls.
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Summary

The flavin ring-system constitutes one of the most versatile redox cofactors in nature

and is used by many enzymes to perform a multitude of chemical reactions. Despite

continuing interest in these reaction mechanisms, basic principles like substrate activation and

flavin reduction remain a matter of vigorous debate. D-amino acid oxidase (DAAO), a

member of the oxidase family, is regarded as a key enzyme for the understanding of the

mechanism underlying flavin catalysis. The ultra-high resolution structure of yeast DAAO in

complex with substrates allows the unambiguous identification of hydride transfer as the

dehydrogenation mechanism overturning an alternative carbanion mechanism previously

favoured for this type of enzymatic reaction. The hydride transfer mechanism proceeds

without involvement of functional groups and points to orbital orientation as the major factor

in catalysis. A dioxygen species was identified at the active center and is bound on the re-side

of the flavin. This finding is consistent with dioxygen activation not occurring via formation

of a covalent bond to the flavin. The results presented here are of general relevance for the

mechanisms of flavoprotein oxidases and dehydrogenases and provide a unifying concept for

flavin catalysis.

Comparison of the three dimensional structures of the mammalian and the yeast

DAAO disclose two main differences that largely affect their biological properties. In yeast

DAAO a long loop is present, which is important for dimerisation, not involved in catalysis.

The proposed mode of dimerisation is different from that of the mammalian DAAO. It yields

a quasi spherical species and, because of the larger contact area, a more stable protein without

affecting the efficiency of catalysis.

In the mammalian DAAO the active site is covered by a lid consisting of eleven amino

acids. This loop undergoes conformational changes to allow the exchange of the substrate /

product during catalysis and controls the overall rate of turnover of the mammalian enzyme

(Mattevi et al., 1996). With the yeast enzyme the loop near the active site contains only six

amino acids and is to short to act as a lid. Thus the lack of the lid in RgDAAO could be the

result of the biological and evolutionary drive to obtain a higher catalytic efficiency. The

structural data with the diverse ligands in the active site allow to propose a similar role for the

side chain of Tyr238 in the yeast DAAO. Its conformational change forms a funnel for

substrate uptake. Upon substrate binding the active site is closed by this tyrosine. The latter

additionally concurs in substrate fixation by formation of a hydrogen bond to the carboxylate

group of the substrate.
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The anthranilate DAAO complex is remarkably different from the other enzyme

substrate complexes. Two anthranilate molecules are present in the structure. One is bound in

the active site with an orientation similar to that of the other active site ligands. Thus the

minimal requirement for binding is the carboxylate function. The amino group points roughly

into the same direction as the amino moiety in amino acids. The water (Wat72) as found in

the other three structures is now displaced from the active site by the hydrophobic benzene

ring of anthranilate. This water molecule could be of importance when the imino function gets

hydrolysed and the product released. The second anthranilate allows to identify the important

role of Tyr238 and reveals the mode of  substrate migration into the active site.

Independently from the group of Carrondo (Matias et al., 1998) a multi-heme

cytochrome containing nine heme groups was structurally characterized for the first time in

this work. The X-ray structure of nine heme cytochrome c from the sulfate reducing bacteria

Desulfovibrio desulfuricans strain Essex 6 was solved by the multiple wavelength anomalous

dispersion (MAD) phasing method. Nine heme cytochrome consists of two tetraheme

cytochrome c3-like domains with an equivalent four heme arrangement. The two domains at

the N- and C-terminus are connected by a ninth heme buried under the protein surface. It is

held in position by loop extensions in the flanking domains. Detailed analysis of the three-

dimensional structure allows to characterize their specialization in evolution for interacting in

the most productive manner with their reaction partners. A positive charged patch at the

surface of the C-terminal domain with a heme cofactor in its center is an optimal acceptor for

electrons originating from hydrogenase. Two predominant loop extensions not found in

tetraheme cytochrome c3’s in the N-terminal domain might enhance the contact to the

membrane bound complex. This high molecular mass complex (hmc) is located in the

cytoplasmic membrane and responsible for the transport of electrons from the periplasm to

the cytosol. The structure and the experimental results by Fritz (1999) make plausible that

nine heme cytochrome functions as electron shuttle between hydrogenase and the membrane

complex. One domain functions as electron acceptor while the other works as electron donor

and the ninth heme connecting the two domains enables electron transport within the redox

active protein molecule.
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CHAPTER I

Introduction

Proteins, the key component of life

Proteins play key roles in virtually all biological processes of life. Nearly all catalysts in

biological systems are proteins, called enzymes, besides the RNA enzymes, called ribozymes,

(Patel, 1998). Proteins determine the pattern of chemical transformations and they mediate a

wide range of functions enabling the coordinated function of living cells. RNA enzymes may

have been used by our ancestors for catalysis and information storage, before specific

peptides could be made (Yarus, 1999). Although it seems possible that peptides were

produced ahead of all other oligomer precursors of biomolecules under primordial earth

conditions (Rode, 1999).

The basic structural units are amino acids (Vickery, 1972). All proteins in all species are

constructed from the same set of approx. 20 amino acids with its wide range of chemical

properties (Barret, 1985). The amino acid sequence of a protein specifies its three-

dimensional structure (Murzin, 1996; LoConte et al., 2000). Proteins are stabilized by many

reinforcing intermolecular interactions. These are mediated by hydrogen bonds, ionic

interactions, van der Waals interactions as well as hydrophobic interactions predominantly

present in the core of the enzyme. The catalytic power of enzymes comes from their capacity

to bind substrates in precise orientation in a binding pocket exclusively designed

corresponding to the function (Bender et al., 1984). The enzyme is able to stabilize transition

states in the making and breaking of chemical bonds of the target molecule (Honzatko, 1999).

Conformational changes within a protein molecule between discrete sites or moieties are in

most cases the clue to transport energy or information within the cell.

Coenzymes, the essential helpers of enzymes

The complexity of globular protein structures and the variety of side chain residues

available in proteins allow the formation of many kinds of catalytic sites. As consequence this

makes the proteins act as efficient catalyst for many reactions (Fersht, 1985). However, for

some biological processes the molecular diversity of the polypeptide side chains alone is not

sufficient. A protein may require the help of some other not protein like small molecules or

metal ions like Zn2+ (Prasad, 1995) to carry out the required reaction. These molecules are

often tightly bound to enzymes and are called coenzymes. Especially enzymes catalyzing
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reactions like oxidation and reduction or transporting electrons can only do so in conjunction

with coenzymes which in general are low molecular mass molecules. The coenzymes

basically act as the “chemical teeth” of the enzyme.

Some cofactors, for instance NAD+, are only associated with the protein molecule. As

consequence NAD+ functions as co-substrate (Lesk, 1995). Other cofactors known as

prosthetic groups are essentially permanently associated with their protein. One possibility of

conjunction is by covalent bonds. In the nine heme cytochrome the heme groups are linked by

a covalent thioether group with the polypeptide chain. A second variant is formed in D-amino

acid oxidase where the FAD is bound by a tight net of hydrogen bonds to the protein.

The coenzymes change chemically during the enzymatic reactions in which they are

involved. Thus in order to complete the catalytic cycle, the coenzyme must be returned to its

original state. For transiently bound co-substrates such as NAD+ the regenerating reaction

may be catalyzed by a different enzyme. For prosthetic groups, however, this occurs in a

separate phase of the reaction sequence. Consequently enzymes with prosthetic groups react

at least with two substrates.

The catalytically active enzyme-cofactor complex is called holoenzyme. When the the

cofactor is removed from the holoenzyme, the resulting apoenzyme is catalitically inactive.

Flavoproteins have the cofactor flavin

The first flavoprotein to be isolated from brewers yeast by Warburg and Christian in 1938

was the “old yellow enzyme”. Since this, was identified several hundred of flavin containing

enzymes have been uncovered. An unusual feature of flavoproteins is the variety of catalytic

reactions performed, a feature that results from the chemical versatility of the flavin (Ghisla

and Massey, 1989). Other cofactors normally catalyze one single type of chemical reaction.

The reactions catalyzed by the flavin are typical redox processes such as the

dehydrogenation of an amino acid, the activation of molecular oxygen, one-electron transport

processes, or photo-biochemical processes. Furthermore flavoproteins are involved in

processes controlling enzymatic functions and DNA damage repair. For further reading and

for the classification of flavin enzymes, it is referred to Hemmerich et al., 1977; Massey and

Hemmerich, 1980; Massey and Ghisla, 1983; Müller et al., 1988; Ghisla and Massey, 1986

and Edmondson and Ghisla, 1999.

There is a vast diversity of interactions of the flavin with the enzyme. These interactions

organize the fine tuning of the flavin and enable the diverse activity of flavoenzymes.

Nevertheless one common feature of the majority of these enzymes exists. At some stage of
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the catalytic cycle the transfer of electrons takes place. In most cases this occurs between the

substrate and the flavin itself (Cunane et al., 1999).

The adenine moiety of FAD is not involved in catalysis. This part of the flavin serves as

anchor for the coenzyme in the active site. Thus the redox chemistry of the flavin cofactor is

restricted to the isoalloxazine part of the flavin. Particularly the chemistry of the enamine

function is affected, so redox changes occur at the positions N(1), C(4A) and N(5) (see Figure

15 Chapter III).

In the case of the D-amino acid oxidase the amino acid is oxidised, while molecular

oxygen as second substrate is reduced to hydroperoxid (Massey, 1994). Thus, in general

catalysis of flavoproteins always involve a reductive half reaction where the flavin is reduced

by the transfer of two electrons and an oxidative half reaction where the reduced cofactor is

reoxidized.

Cytochrome c has the cofactor heme

Cytochromes, whose function was elucidated in 1925 by Keilin, are redox-active proteins

that occur in all organisms except a few types of anaerobes and play a key role in the

respiratory chain (Keilin, 1966). Their catalytic function is to transfer electrons between

reaction partners (redox shuttle) by following the chemiosmotic concept (Mitchell, 1979).

These proteins contain heme groups, which reversibly alternate between their Fe(II) and

Fe(III) oxidation states during electron transport. The metal centers are shielded from the

polar aqueous solution, reducing the solvent reorganization energy. This corresponds to a

higher electron affinity compared to the same heme complex surrounded by water molecules

(Gray and Winkler, 1996). The actual reduction potential of a heme group is a function of

multiple, influencing factors. These factors are the axial ligands, the heme environment and

the redox-linked chemical equilibrium (Moore and Pettigrew, 1990).

The surface and outer shape of the protein develops by an evolutionary drive to mediate

specific interactions with the physiological reaction partners. Positive charges at surface of

the cytochrome c interact with a patch of negative charges of the redox partner in order to

enable the intramolecular electron transfer (Pappa and Poulos, 1995). For example the

interaction of cytochrome c with cytochrome oxidase is impaired if a lysine is modified

(Pelletier and Kraut, 1992).

Each group of cytochromes contains a differently substituted porphyrin ring coordinated

with the redox-active iron atom. The b-type cytochromes contain protoporphyrin IX. In c-type

cytochromes the protoporphyrin differs in that its vinyl groups have changed to form a

thioether linkage to the polypeptide chain of the protein. The heme a contains a long
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hydrophobic tail of isoprene units and a formyl group is in place of a methyl substituent. In

cytochromes a and b the ligands of the heme groups are both His residues. In cytochrome c

one histidine is substituted by a methionine, whereas in multiheme c-type cytochromes the

iron is coordinated by two axial histidine(Mathews, 1985; Pereira et al., 1998).

Scope and research objectives of the present work

The work described in this thesis was designed to obtain detailed structural information

about two proteins both involved in redox-processes. The soluble proteins have tightly bound

cofactors as predominant common structural feature enabling their catalytic activity.

Massey and his group have elucidated the kinetic mechanism of the flavin containing D-

amino acid oxidase from pig kidney. Several laboratories followed with an enormous amount

of studying the active-site behavior. In the early 1980s the primary sequence of this

flavoenzyme was determined and in 1996 the structure of this protein was solved at a

resolution of 2.8 Å by the independent work of two groups. Crystallographic studies and

active site modeling followed. Nevertheless the basic mechanism of this enzyme has

remained disputed (for a review see Mattevi, 1997). The very high resolution X-ray structure

of DAAO from yeast and an active site study with a variety of ligands presented in this thesis

lead to the identification of the reductive half reaction as hydride transfer. Near the

isoalloxazine ring a hydroperoxid was identified that contributes for the first time structural

information about the oxidative half reaction. Further the crystallographic study allows to

understand the mechanism of substrate uptake of RgDAAO and describes the different

catalytic behavior in comparison with pkDAAO.

In the electron transfer chain in sulfate reducing organisms, electron transport is a key

feature. The low redox potential electrons produced by hydrogenase upon the oxidation of

molecular hydrogen in the periplasm must be transferred to a high molecular mass complex

hmc located in the periplasmic membrane. This integral membrane complex delivers the

electrons into the cytosol. In this thesis the structural characterization of the cytochrome

involved in the transport process allows to identify a new multiheme cytochrome containing

nine hemes. Two domains similar to the tetraheme cytochrome c3 flank the ninth heme in the

center of the molecule. The protein fold and the examination of the surface of the domains

uncovers the concept of interaction with its physiological reaction partners.
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CHAPTER II

Methods for obtaining well-diffracting crystals and collecting data suitable

for X-ray structure determination

Abstract

The first requirement for protein structure determination by X-ray crystallography is

to grow suitable crystals from a pure protein solution. Here we discuss how a protein solution

can be examined by dynamic light scattering (DLS) and how the chances for growing crystals

correlate with the particle size distribution in the solution. The crystallization experiments

themselves are basically trial-and-error screenings to sample the multidimensional

multiparametral space of crystallization. After the first crystals have been obtained the next

step is to check their diffraction quality and to find cryogenic conditions for optimal data

collection. At liquid nitrogen temperature (approx. 100K) radiation damage is minimized

allowing to go for extended exposure times. This is especially important for data collection at

synchrotron facilities with their high-intensity X-ray beams. Therefore, we describe the most

common procedure to find cryogenic conditions and give criteria for judging crystal quality.

One important requirement for crystallizing a protein is its functional competence in

solution. Once crystallized, the protein remains functional. In the cases where the crystal

contacts are affected by movements of the polypeptide chain during an catalytic cycle, e.g. an

induced fit, the crystal may crack. If its conformational changes are not inhibited by crystal

faces performed by crystal contacts it is possible to soak the crystal with substrates or

substrate-analogues without influencing crystal quality. The ligands can bind to the active site

and give additional information about the examined protein, if the ligands are seen in the

electron density.

Furthermore, we describe the influence of the space group and of crystal symmetry

on the data collection strategy and, finally, we introduce the principles of X-ray diffraction

and the two methods of solving the phase problem used in this work: molecular replacement

and multiple wavelength anomalous dispersion (MAD).
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Dynamic Light Scattering

Crystallization is often the rate-limiting step in X-ray crystallographic studies of

structure and function of biological macromolecules. Progress in recombinant DNA

techniques and construction of protein expression systems routinely provide sufficient

quantities of purified starting material. Yet, high purity, as estimated by electrophoretic

techniques or mass spectroscopy, and exhaustive searches for crystallization conditions do not

guarantee crystal growth. Although screening strategies (Jancarik and Kim, 1991; Cudney et

al., 1994) make it possible to sample efficiently the enormous parameter space relevant for

protein crystallization system.

Empirical studies show that macromolecules forming monodisperse solutions i.e.

with only one type of oligomer and aggregation state in solution are more likely to crystallize.

Randomly aggregating protein molecules or polydisperse systems rarely give crystals (Zulauf

and D’Arcry, 1992). Dynamic light scattering is a very convenient method to determine

monodispersity of macromolecules in solution (Schmitz, 1990). Small amounts of protein

which can be recovered after the experiment and mild conditions render this a useful test prior

to crystallization trials. A large survey was carried out by D’Arcry (1994) wherein 66 protein

solutions under dilute conditions in absence of precipitating agents were examined with DLS.

Of 44 samples showing a narrow monodisperse size distribution 34 (77%) yielded crystals.

Ten proteins had a broad size distribution, and six of these (60%) crystallized. The remaining

twelve samples had a polydisperse size distribution and only one of these gave crystals (8%).

DLS, also known as quasi elastic light scattering or photon correlation spectroscopy,

is a technique for measuring the translational diffusion coefficient (DT) of macromolecules

undergoing Brownian motion in solution. The time-curve of the scattering intensity due to the

motion of the particles in solution is measured with a photon detector typically at 90° relative

to the incident monochromatic laser light. The kinetics of the intensity fluctuations will

depend on the size (diffusion coefficient) of the particles in solution. Small and rapidly

diffusing particles will produce rapid fluctuations. On the other hand large and slowly moving

particles will cause slow fluctuations in the scattering intensity (Schurtenberger and

Neumann, 1993).

These intensity fluctuations are monitored by recording the so-called intensity

autocorrelation function of the light scattering signal and the subsequent analysis of G(τ)

permits the determination of the diffusion coefficient of the particles in solution.
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Formula 1: The autocorrelation function G (τ)

G (τ) = < IS (t) * IS (t + τ) >

IS (t): scattered intensity at the time t

τ: short time interval

The analysis of the experimentally determined intensity autocorrelation function is

detailed elsewere (Schätzel, 1993; Bloomfield, 1985). For a monodisperse solution of

optically homogenous and spherical particles one obtains a single exponential function. This

provides the measurement of DT , which is directly proportional to the exponential, as is

evident from the following formula.

Formula 2: Exponential function to estimate DT

G (Q, τ) = B [ 1 + a * exp (- 2 DT Q² τ )]

G (Q, τ): the experimentally measured autocorrelation function

a � or = 1: geometrical factor

Q: the scattering vector, dependent on the polarizability of the macromolecule

DT: translational diffusion coefficient

Using the Stokes- Einstein equation the hydrodynamic radius of gyration (RH) can be

calculated (Schurtenberger and Newman, 1993).

Formula 3: Stokes-Einstein equation

DT = kB T / ( f0 ) = kB T / ( 6 π η0 RH )

kB: Bolzmann constant

T: Temperature in Kelvin

η0: viscosity of the solvent

RH: hydrodynamic radius of gyration, depends on the shape of the particle
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Although the shape and density of the measured macromolecule is not known, an

approximate value for the molecular weight (Mr) can be calculated. A calibration curve of

proteins with known mass and spherical shape allows to extrapolate from the directly

measured hydrodynamic radius to the molecular mass. If we assume that the density in protein

molecules is approximately constant and the overall shape is spherical. An analysis of the

correlation function provides useful data regarding sample polydispersity as the technique of

dynamic light scattering is very sensitive to aggregation of the particles in solution.

In addition the software reports a “SOS Error” which refers to the background noise

of the measured data and thus provides a signal to noise ratio. Successive measurements,

typically about ten, are taken from a single sample. The irradiated volume of the cuvette is

very small and aggregates might not be detected in every measurement. Furthermore, it is

necessary to perform a statistical analysis because the method is so sensitive and small

changes in the sample behavior have a large effect on the reported data. A very useful means

of investigating the polydispersity, which is a significant parameter for a high success rate of

crystallization, is to examine histograms showing the variation of DT during repeated

measurements of the same sample (Ferré-D’Amaré and Burkley, 1997).

The instrument used for DLS experiments was the DynaPro 801 with a 25mW,

780nm solid state laser, a 20µl quartz cuvette and an avalanche photodiode, detecting photons

scattered at a fixed angle of 90°. The manufactorer’s software calculates and outputs DT, Mr,

RH and the degree of sample polydispersity by analyzing the measured autocorrelation

function. Sample size distribution expresses itself in the standard deviation of the distribution

of apparent hydrodynamic radii for one set of measurement on a given sample. Well behaving

samples have a polydispersity index that is 20 % or less of the mean value of RH.

Prior to measurement the protein solution was filtered through a disposable 0.1 mm

pore filter in order to remove dust and other contaminating particles which significantly

disturb the measurement. The minimum sample concentration depends on the size of the

particle. With our device, a globular protein sample with a molecular mass of 15 kDa requires

a minimum concentration of approximately 2.5 mg/ml whereas a larger protein with

molecular mass of 100 kDa requires a concentration of about 0.5 mg/ml. From all the

experience gathered over the last four years we know that there is no upper limit for protein

concentration but that too low a concentration causes  problems, e.g. the count rate is too low

for the autocorrelation function to be correctly estimated by the software. The sample volume

needed for one set of measurements is approximately 50 µl most of which can be recovered

and used for crystallization experiments.
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Protein Crystallization

The fundamental requirement for X-ray crystallography is to grow suitable crystals.

This step in protein structure determination is the least understood as it depends on the

unknown protein structure and is mainly a trial-and-error procedure in which the protein is

slowly precipitated from solution. The minimal requirement for starting crystallization trials is

an active and pure protein sample with a monodisperse size distribution in solution as judged

by DLS.

The protein solution at a concentration of 5 to 10 mg / ml is dialysed against a buffer

system, preferably 10 mM Tris / HCl, with a minimal salt concentration. This step is

important to achieve reproducibility. In the crystallization experiment the protein solution is

brought to supersaturation. As a consequence small aggregates are formed whose

intermolecular contacts resemble those found in the final crystal. These aggregations have to

reach a critical size in order to function as nuclei for crystal growth (Jullien et al.,1994).

In small molecules, where crystallization is much better understood, the formation of

nuclei requires a certain amount of surface tension energy. This energy barrier is easier to

overcome at higher levels of supersaturation. Once this barrier is conquered and stable nuclei

have formed, crystal growth proceeds via insertion of solute molecules into the crystal. The

attachment of the molecules occurs preferably at small steps on the surface, where the binding

energy is higher compared to areas where the surface is flat. These steps are created by

defects in the crystalline order or occur randomly as a consequence of nucleations on the

surface. In order to avoid the formation of too many nuclei, the supersaturation must be

reduced to a lower level for perfect crystal growth. Otherwise the crystals do not grow to high

order and remain small (Figure 1).

Many parameters influence the solubility of proteins. Additives such as alcohol’s or

hydrophobic polymers (PEG’s) reduce the solubility of the protein. These substances are

called precipitants, because proteins precipitate if they are added in sufficient concentration to

the solution. Salts determine the protein solubility in a bell-shaped curve with so called

salting-in and salting-out effects. Further parameters that have a strong effect on the protein

solubility are pH and temperature.
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The most common current strategy to find suitable crystallization conditions is to

screen the multidimensional parameter space influencing  the solubility of the protein for the

best supersaturation condition. In this work the screening was done with sterile, prepared

solutions from Hampton Research consisting of matrix I derived from Jancarik and Kim

(1991) and matrix II with additives and unusual salts successfully used for preparing protein

crystals (Doudna et al., 1993; Cudney et al., 1994). Once one of these hundred screening

conditions (fifty solutions of each matrix) results in small crystals the initial crystallization

conditions were scaled up and refined.

The vapor diffusion method was chosen for all the crystallization trials. Both

possible experimental setups, the hanging drop and the sitting drop method, were used in this

work (Weber, 1997). The sitting drop method was used for the initial screening experiments;

in preformed stripes from Hampton Research 1 µl of protein solution was mixed with the

same amount of precipitant solution and equilibrated with a reservoir of  approx. 100 µl. The

trays ware sealed with cover stripes. The hanging drop method was used for up-scaling and

refinement. The drop was placed on a siliconized glass cover slip by mixing 4 µl of protein

solution with the same volume of precipitant solution. The cover slip was then placed upside

down over one well of the plate containing 800 µl precipitant solution. The chamber is sealed

by applying silicone oil to the circumference of the well before the cover slip is put into place.

The key to this method is the diffusion of water molecules from the drop containing the

protein solution to the reservoir. Thus the protein solution is concentrated and supersaturation

Figure 1. Phase diagram of the solubility curve of a protein molecule
The protein concentration is indicated as a function of the salt concentration or another
parameter that affects the solubility. Furthermore hypothetical areas of nuclei formation,
crystal growth and solubility are shown as asterisk (Drenth, 1994). In this figure the
salting in effect is not shown.
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slowly increases with the consequence of either protein precipitation or the formation of small

nuclei and crystal growth as described above.

Cryoprotection

Once crystals suitable for X-ray crystallography are grown it is advantageous to flash

freeze the crystals prior to data collection. The technique of flash cooling offers a number of

benefits: minimization of radiation damage, reduction of background scattering and

absorption. The decrease of thermal vibrations results in more ordered systems and often

higher resolution. The crystals can be stored for long periods and reused. Finally, it is possible

to trap crystal states (e.g., crystal packing, oxidation state or protein-substrate interactions)

which are unstable at room temperature.

The technique to collect data from crystals at low temperatures was developed and

established early in the 1940’s with small molecules. For macromolecules it took another

thirty years until flash freezing was performed routinely. The main problem is the high

solvent content of protein crystals. Water often forms microscopic ice crystals and leads to

crystal damage, additional diffraction spots and an unacceptable increase in mosaic spread

(Low et al., 1966). Haas and Rossman (1970) were the first to use a cryoprotectant to prevent

ice formation when a protein crystal was flash frozen. They were able to collect data at 200K

of lactate dehydrogenase crystals containing 3M sucrose.

Thomanek (1973) put myoglobin crystals under high pressure (2500 atm) to produce

the so-called ice III phase of water in the crystal before flash cooling. Instead of an expansion,

as seen for normal ice I formation at 273K, the ice III phase formation is accompanied by

volume reduction. Ice III when cooled to 77K and returned to atmospheric pressure is

metastable and therefore did not result in crystal cracking or ice I formation.

Another technique has attracted some interest. External mother liquor was removed

from the crystal. Then the crystal was isolated from the air under oil. This method made it

possible to flash freeze relatively small crystals without cryoprotectant located in a small

spatula or glass fiber (Hope, 1990).

The break-through in routinely flash freezing biological macromolecules came by a

technique described by Teng (1990) in which the crystal is suspended in a film of mother

liquor formed within a small loop. This method requires cryoprotectant to prevent ice

formation and is much more gentle for fragile crystals than mounting them at room

temperature in capillaries. There is no other supporting material necessary than a thin film of

cryoprotectant solution around the crystal.
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The course of mounting crystals by this “free-standing” method is to find a solution

that forms an amorphous glass film when the loop is brought to the liquid nitrogen

temperature. In most cases the solution is a mixture of the crystallization buffer and a

hydrophilic cryoprotectant such as glycerol, sucrose or small PEGs. The concentration of

cryoprotectant has to be determined by tests and depends on the contents of the crystallization

buffer and the ionic strength of the mother liquor (Weber, 1997). The so called cryogenic

condition contains no protein in solution. Too low concentrations of the cryoprotectant will

result in opaque, microcrystalline ice. This visual observation is confirmed by the appearance

of characteristic ice rings at 3.9, 3.7 and 3.4 Å resolution in the X-ray pattern of the sample.

Sometimes, if high glycerol concentrations are needed it may be necessary to transfer

the crystal stepwise from the mother liquor to higher concentrations of the cryoprotection. In

this way the crystals are protected from breaking because of excessive osmotic shock induced

by the cryoprotectant. This is performed with small capillaries so that the crystal stays in a

stabilizing environment. If the crystal is stable in a suitable mixed solution the crystal must

float to the surface of the solution. The loop is then dipped into the solution, moved close to

the crystal and lifted out of the solution with the crystal in the middle of the loop (Figure 2). A

thin solution film remains in the plane of the loop held by surface tension (Rodgers, 1997).

Figure 2: Fishing a crystal with a loop out of the cryoprotection solution.
The crystal in its stabilization environment can slip into the loop and is then quickly transferred

into a cold stream of liquid nitrogen or directly dipped into liquid nitrogen (Rodgers, 1997).
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The loop containing the crystal is then mounted directly onto the goniometer head in

the liquid nitrogen stream or dipped into liquid nitrogen and placed in a cryovial for storage.

The mosaic spread should be the same as when measured at room temperature. In the original

publication a small thin wire loop was used (Teng, 1990), while in this work loops from

Hampton Research of different sizes made out of single strands of angora wool were used.

Substrate exchange

The solvent content of protein crystals is high. It varies from 40% to 80% depending

on the packing of the macromolecule in the crystal lattice. Often only a few intermolecular

contacts are involved in the formation of the crystal. Thus, there are large solvent channels

between the protein molecules in the crystal. In some cases crystal contacts can have an

influence on the conformation of certain residues at the surface of the protein. This was

shown by comparison of  NMR structures with X-ray structures.

Similar to soaking the crystal with a cryoprotectant prior to flash freezing, substrates,

inhibitors or ligands can be added to the stabilization solution. Diffusion through the solvent

channels allows the small molecules to migrate to binding sites in the protein without

destroying the crystal lattice. If conformational changes are induced during the reaction with

the substrate the crystal can be destroyed.

The soaking time can play an important role, especially if the crystals are flash

frozen. It can happen that different states of the protein in complex with the substrates are

present in the crystal, if the equilibrium was not reached before flash freezing. This can make

data interpretation and refinement very difficult. The technique of soaking protein crystals

with various substrates enables the crystallographer to study different conformations and the

mechanism of substrate binding of the protein.

Crystal quality and perfection

The quality of a macromolecular crystal is determined by its size, mosaicity,

resolution limit and radiation life time. The crystal size is important, because the energy in a

given diffraction spot is directly proportional to the crystal volume. Therefore a large crystal

allows a more accurate measurement of the intensities because of a reduced statistical error.

Crystals are imperfect and of finite size. The imperfect crystals can be regarded as

being composed of small mosaic blocks. The mosaic concept assumes that a large number of

perfectly ordered unit cells are within each mosaic block and have an angular misalignment

(Figure 3). For such an imperfect crystal the intensity profile of a reflection has a certain
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width because of the angular spread of the mosaic blocks. The so called angular rocking width

or mosaic spread for protein crystals is generally between 0.25° and 0.75°.

The resolution limit is not necessarily correlated with the mosaic spread. However, it

correlates with the size of the crystal and the strength of the crystal contacts. An important

factor is the protein itself; it has to be rigid and the atom positions must be well defined in

order to give a strong diffraction of the X-ray beam. Therefore the temperature factors of high

resolution structures are normally low, as in the 1.2 Å resolution structure of the D-amino

acid oxidase from Rhodotorula gracilis.

Crystal Symmetry

A crystal is of organic material and is a three-dimensional periodic arrangement of

molecules. When macromolecules precipitate from solution they attempt to reach the lowest

free energy state. This is often accomplished by packing in a regular way. Thus a crystal

grows. Surprisingly even large protein molecules follow this principle and crystallize. The

regular packing of molecules in the crystal are reflected by flat planes at the surface of a well-

developed crystal. In this regular packing three repeating vectors a, b and c can be recognized

with the angles α, β and γ between them. These three vectors define a unit cell in the crystal

lattice. In general, it is convenient to choose a unit cell which has the shortest edges and is, at

the same time, in accord with the highest possible symmetry (Blundell and Jonson, 1976).

The crystal lattice is defined by the three dimensional stacking of unit cells. The

edges of the unit cell form a grid or lattice. As seen later diffraction can be regarded as

Figure 3: Misalignment of unit cells in a crystal.
The concept of a crystal with a high mosaic spread shows the angular misalignment of blocks

with perfectly ordered unit cells.
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reflection at planes in the lattice. These planes are constructed through the lattice points and

are parallel with an equidistant perpendicular distance d (later used in Bragg’s law). The

lattice planes cut an axis (a-axis) of an unit cell into equal parts that have a lengths of a/1, a/2,

a/3 etc. The integers 1, 2, 3,... are called indices. A set of lattice planes is defined by three

indices h, k and l. Thus these integers characterize the crystal planes and are called Miller

indices. As an example in Figure 4 the 213 plane (face) is depicted. 2=h, 1=k, 3=l; a is divided

into two equal pieces, b is not divided and c is separated into three equal intercepts.

If the lattice is of higher symmetry than triclinic, then each macromolecule in the unit

cell will be repeated a number of times depending on the symmetry operations. For example

in the space group P41212 (space group number 92 in the International Tables (1995); nine

heme cytochrome crystal) we expect at least sixteen molecules in the unit cell related by the

symmetry operations. This unit cell has sixteen asymmetric units. There may be two (dimer)

or more independent molecules in each asymmetric unit and represents the smallest volume in

Figure 4: The unit cell and the definition of h, k, l.
The indexing of crystal faces. The 213 face is depicted in this figure. It intersects the axes of the unit
cell at a/2, b/1 and c/3 (Helliwell, 1995).
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a crystal upon which the symmetry elements operate to generate the total crystal. The total

number of crystal systems is seven with all possible vector and angle relations whereas 14

Bravais lattices can be described, representing all possible combinations of crystal systems:

primitive and (face or inner) centered arrangements.

For a given molecule the combination of symmetry elements is known as its point

group. There are 32 crystallographic point groups excluding 5-and 7-fold axes, whereas any

point symmetry in the asymmetric unit is allowed. The combination of Bravais lattices and

the point groups make 230 space groups as described in the International Tables of

Crystallography. But in protein crystallography only 65 space groups are relevant because

inversion and mirror planes are not allowed due to the fact that proteins comprise exclusively

L-amino acids.

X-ray diffraction

Objects which are large in comparison to the wavelength of light give sharply

defined shadows. However, if the size of the object is of the same magnitude, the light is bent

into areas where a shadow was expected. This phenomenon is called diffraction and can be

explained by the interference of spherical waves travelling with appropriate phases in the

direction of the detector. While visible light can be diffracted by objects in the µm range X-

rays are diffracted by electrons. The incident X-ray beam as an electromagnetic wave causes

the electrons to oscillate with the same frequency. The electrons act as oscillating dipoles and

serve as a source of secondary radiation. Energy from the incident wave is absorbed by the

electrons and then emitted. In X-ray diffraction the electrons in an atom, as an approximation,

can be regarded as free electrons. Nevertheless, this is no longer true for anomalous scattering

discussed later.

The wave scattered by the crystal can be described as a summation of all the different

spherical waves scattered by the enormous amount of electrons in the crystal. For a two

electron system it can be shown that the diffracted wave equals the vector addition of the two

scattered waves. If the X-ray beam is scattered by an atom the electrons are integrated over

the entire space and a scattering factor F(atom) can be defined. This integration procedure can

also be performed with one unit cell where the structure factor F(unit) of the unit cell depends

on the arrangement of the atoms. The summation over all unit cells with the periodicity of the

crystal leads to the Laue diffraction conditions that are in coincidence with Bragg’s law. The

Laue conditions originate in the phenomenon that electromagnetic waves are extinguished or

enhanced depending on their phase relation to each other.
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Formula 5: The Laue diffraction conditions

a * S = h

b * S = k

c * S = l

h, k, l: Miller indices (integers)

S: diffraction vector

a, b, c: cell axis

Formula 6: Bragg`s law

2d sin θ = λ

d: distance between the lattice planes

θ: angle of the incident and the reflected beams with the lattice planes

λ: wavelength of the incident X-ray beam

These two rules tell us the suitable orientations where a crystal diffracts an X-ray

beam. With the reciprocal lattice formalism or the Ewald sphere the diffraction pattern

(scattering intensity) can be constructed (Ewald, 1921). The diffraction pattern depends on the

crystal symmetry and has a strong influence on the measurement strategy whilst electric field

strength of the scattered wave is proportional to the structure factor F(S), i.e., the arrangement

of atoms in the unit cell, and the number of unit cells in the crystal. The result of an X-ray

structure determination is the electron density in the crystal and the fundamental equation for

its calculation is

ρ(x, y, z) = (1/V) Σh Σk Σl  | F(h, k, l) | exp [ - 2πi (hx + ky + lz) + iα (h k l)]

ρ(x, y, z): Fourier transformation of the structure factors F(h, k, l); equivalent to the electron

density at position x, y, z.

h, k, l: Miller indices

V: Volume of the unit cell
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The amplitude of the structure factors is obtained from the reflection intensities of

the diffracted beam: I(h, k, l) = | F(h, k, l) |², after the application of certain correction factor. This

correction  factor takes into account the fact that the atoms in a crystal vibrate around an

equilibrium position and is known as temperature factor. The values of the phase angles

α(hkl) cannot be derived in a straightforward manner, but must be determined in an indirect

way. This obstacle in crystallography is called the phase problem. The methods used to

determine the phases in the present work were molecular replacement in the case of the D-

amino acid oxidase and multiple wavelength anomalous dispersion (MAD) in the case of the

nine heme cytochrome.

Data collection strategy

The strategy to collect X-ray diffraction data depends on qualitative factors such as

crystal quality and availability, type of X-ray source and detector time available and

quantitative factors like cell parameters, resolution limit and crystal symmetry. We will focus

on the second point, the quantitative factors.

Large unit cell parameters (above 200 Å) can cause problems because the spot

reflections approach each other closely and, sometimes, the programs processing the data

cannot resolve the spots. If the spots overlap a larger detector can help where the reflections

are better resolved. If the spots are still overlapping another way to overcome this problem is

to collect data in two passes, a low resolution pass and a high resolution one. With the low

resolution pass the inner reflections can be measured with good accuracy and the orientation

of the crystal can be determined. In the high resolution pass it does not matter if inner

reflections overlap, the focus is on the outer reflections. At the end of data collection the two

complete data sets are merged. This strategy works very well if the data are collected from a

single flash frozen crystal with no significant radiation damage and was performed with the

high resolution data of nine heme cytochrome. The unit cell had a c-axis of approx. 240 Å.

The question to what resolution data should be collected can be answered using the

signal to noise ratio. As long as the ratio of average intensity to the associated estimated error

is higher than 1.0 the data contain some information. In general this corresponds to a situation

where the very week reflection can be seen by eye at the edge of the detector.



CHAPTER II                                                                                                                                      25

Crystal class Point group Rotation required for

Native data Anomalous data

Triclinic 1 180 180 + 2Θmax

Monoclinic 2 180 (b), 90 (ac) 180 (b);180 + 2Θmax (ab)

Orthorhombic 222 90 (ab or bc or ca) 90° (ab or bc or ca)

Tetragonal 4 90 (c or ab) 90 (c); 90 2Θmax (ab)

422 45 (c), 90 (ab) 45 (c), 90 (ab)

Trigonal 3 60 (c), 90 (ab) 60 + 2Θmax (c),

 90 + 2Θmax (c)

32 30 (c), 90 (ab) 30 + Θmax (c),

90 + 2Θmax (ab)

Hexagonal 6 60 (c), 90 (ab) 60 (c), 90 + Θmax (ab)

622 30 (c), 90 (ab) 30 (c), 90 (ab)

Cubic 23 About 60° About 70°

432 About 35° About 45°

Table 1: Rotation range required for complete data collection.
Depending on the crystal class and point group a certain angles for measuring complete data
is required. In this table the rotation angles in (°) are given for the corresponding symmetry.
The direction of the spindle axis is given in parentheses; ac means any vector in the ac plane.

Θmax  is the diffraction angle that correlates with the resolution the crystal diffracts the X-ray

beam. We learned about Θ in Bragg’s law. The table is taken from Dauter (1999).

In order to perform a data collection protocol with high completeness, each reflection

must be measured for native data at least at once. Where information can be gained by the

difference in intensities between Friedel pairs, complete anomalous datasets have to be

collected and, consequently, the angle range in these cases is larger. The completeness

measured within a certain angle range depends strongly on the crystal orientation with respect

to the X-ray beam and crystal symmetry. The best way to orient the crystal in the X-ray beam

is to align the longest cell axis along the spindle axis. In this case the cell dimensions along

the spindle axis will never play a role and will not lie along the beam. Furthermore, the so

called blind region where certain reflections cannot be detected can be avoided if the crystal is

slightly miss-oriented (Dauter, 1997). In Table 1 the minimal phi range is given with respect

to the crystal symmetry.
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Nevertheless, the best practice for determining the data collection strategy is first to

process a single rotation image (∆ϕ × 0.5°) with DENZO (Otwinowski and Minor, 1990) in

the correct space group. In the second step the starting and end point of data collection is

determined with the program PREDICT from the CCP4 suite. The prediction program takes

into account all the quantitative factors concerning the crystal orientation and space group

symmetry and prints out the best phi range.

The phase problem

The method of molecular replacement was initiated in pioneering studies by

Rossmann and Blow (1962). It is used if the structure of a homologous protein has already

been established. The known structure serves as a first model that subsequently is refined. An

essential requirement for this method is that the known and unknown protein have similar

folding of their polypeptide chains. Many successful cases reported involve search models

with a backbone atomic root-mean-square difference less than 1 Å (Ritter, 1999) Placement of

the molecule in the target unit cell requires its proper orientation and precise position, i.e.,

rotation and translation. In the rotation step the spatial orientation of the known and unknown

molecule with respect to each other is determined and, in the next step, the translation needed

to superimpose the correctly oriented molecule onto the other molecule is performed.

The basic principle of the molecular replacement method can be understood by

looking at the Patterson function of the protein crystal structure. The Patterson map is a vector

map. Vectors between atoms in the real structure show up as vectors from the origin to peaks

in the Patterson map. The so called self-Patterson vectors are between pairs of atoms

belonging to the same molecule and found not too far from the origin of the Patterson map.

The cross-Patterson vectors are longer and represent the vectors from one molecule to the

other. Therefore, the self-Patterson vectors give the rotational relationship between the known

and the unknown molecular structure. The translation required for moving the molecules to

their correct positions can be derived by the cross-Patterson vectors (Hoppe, 1957).

A new search strategy carries out Patterson correlation refinements of a large number

of the highest peaks of a rotation function. The target function for Patterson refinement can be

combined with an empirical energy function describing geometric and non-bonded

interactions. Patterson refinement of individual atom coordinates or of rigid-group parameters

can be carried out as well. Search models of crambin and of myoglobin with even 1.6 to 2.0 Å

backbone atomic root-mean-square differences from the target crystal structures show that the
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Patterson refinement  strategy can solve crystal structures that cannot be solved by

conventional molecular replacement (Brünger, 1990).

If the absorption by an element is plotted as a function of the X-ray wavelength λ a

typical curve is obtained. At a certain wavelength depending on the element a dramatic

change in the absorption is observed. This is caused by photon absorption. An electron is

ejected from an atom by the photon energy of the incident X-ray beam. This is called the

absorption edge and is specific for the examined element (Figure 5).

Anomalous scattering by an atom is due to the fact that electrons cannot be regarded

as completely free electrons. For free electrons the scattered beam differs exactly by 180° in

phase from the incident beam. Especially for the heavy elements with a high nuclear charge

the inner electrons are tightly attached to the nucleus. For the inner shell electrons the

diffracted beam does not differ 180° in phase angle from the incident beam. As a consequence

the structure factors FHA (hkl) and FHA (-h-k-l) for a protein containing a heavy atom no longer

equal in length and have a different phase. This effect of anomalous scattering depends on the

wavelength of the X-ray beam and is stronger for heavier atoms.

If the protein has anomalous scattering atoms, the difference in intensity between the

Bijvoet pairs, | Fh (+) | ² and | Fh (-) | ², can be used for the protein phase angle determination.

Hendrickson and colleagues (Hendrickson et al., 1988; Murty et al., 1988) were the first to

take advantage of this method and to use it for solving the structure of a protein. An absolute

must to perform this method is that the unknown molecule contains an element that gives an

sufficiently strong anomalous signal (the atomic number of the anomalous scatter should be

greater than 24). A minimal requirement is the presence of one Se atom (atomic number: 34)

Figure 5: X-ray absorption of heavy atoms
The absorption as a function of the X-ray energy.
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in a protein with approx. 150 amino acids (Hendrickson, 1991). Certainly this requirement

depends very much on the quality of the collected data. An important aspect for the

application of this method is that the wavelengths are carefully chosen to optimize the

difference intensity between the Bijvoet pairs and between the diffraction at the selected

wavelength.

Figure 6: Basic phase diagram for MAD phasing.
The symbols in this vector diagram are described in the text.

The basic idea is that if the anomalous scattering atoms can be located in the unit cell

the corresponding phase angle can be calculated. In the most frequently occurring situation in

which there is one type of anomalous scattering atoms the MAD phasing equations of Karle

(1980 and 1989) can be used. The key point of this treatment is that the non-anomalous

scattering of all atoms in the structure is separated from the wavelength dependent part.

Formula 7: Separation of the anomalous scattering part from the normal.

λF = FT + FA.

λF: is the total scattering amplitude from the diffraction experiment at the wavelength λ.

FT: is the normal scattering component of all atoms.

FA: is the anomalous scattering contribution from all atoms.

∆φ: Difference in phase angle between normal and anomalous scattering components.

(see Figure 6: Phase diagram for MAD phasing)
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The anomalous scattering component can further be broken apart into contributions from

several types of anomalous scatterers.

Formula 8: The total scattering factor

f (λ) = f (0) + ∆f (λ) = f (0) + f ’(λ) + i * f ’’( λ)

f (λ): is the total scattering at the certain wavelength λ.

f (0): is the scattering without anomalous scatterers.
∆f (λ): is the scattering of the anomalous scatterers in the crystal.

f ’( λ) and f ’’(λ) are the real and imaginary components of ∆f (λ).

These fundamental equations are the starting point for the MAD phasing formulated

by Karle (1980) and Hendrickson (1985). The mathematical formalism is found in

Hendrickson and Ogata (1997) and results in the calculation of ∆φ, where the phase of FT can

be estimated as ∆φ + φA. With φA is the phase of the anomalous part. A Fourier transform of

the amplitudes FT and the phases  ( ∆φ + φA ) yields an electron density map corresponding to

all atoms in the structure.
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CHAPTER III

Structures of enzyme : substrate complexes at very high resolution reveal

the chemical reaction mechanism of flavin dehydrogenation by D-amino

acid oxidase  

Abstract

D-amino acid oxidase (DAAO) is the paradigm of flavoprotein oxidases /

dehydrogenases and is regarded as a key enzyme for the understanding of the mechanisms

underlying flavin catalysis. Here the protein structures of a yeast DAAO Rhodotorula gracilis

complexed with substrate and ligands at resolutions from 1.2 to 1.7 Å is presented. The very

high-resolution data allow the unambiguous identification of hydride transfer as the

dehydrogenation mechanism, overturning the long held carbanion variant. This chemical

reaction proceeds without involvement of functional groups besides the FAD cofactor and

those involved in binding the substrate in a specific orientation with respect to the

isoalloxazine ring system, and points to orbital orientation being the major factor in catalysis.

A partially occupied dioxygen species was identified in the active center of the D-alanine

reduced enzyme at a resolution of 1.2 Å. It is in contact with the flavin and above the as Re-

plane defined side of the latter. From this finding a noncovalent mode of dioxygen activation

by reduced flavin emerges. The bond lengths within the isoalloxazine of the high resolution

data are in accordance to what is expected from its electronic environment. Comparison of

DAAO with structures and properties of flavin dependent α-hydroxyacid dehydrogenases

leads to a common mechanism for both classes of enzymes.
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Introduction

DAAO was one of the first enzymes to be described and the second flavoprotein to be

discovered in the mid 1930’s (Krebs, 1935), its cofactor being identified as FAD by Warburg

and Christian (1938). It catalyzes the dehydrogenation of D-amino acids to their imino

counterparts. Catalysis proceeds via the two Michaelis complexes M1 and M2 depicted in

Figure 7, where (a) and (c) are the steps corresponding to their formation/decay, and (b) their

interconversion via transfer of two redox equivalents. The reduced flavin is reconverted by

molecular oxygen to the oxidized form and H2O2, while the imino acid hydrolyzes to the keto

acid and ammonia.

DAAO is present in most organisms and mammalian tissues and the physiological role in

vertebrates is still debated (Curti et al., 1992). Very recently Wolosker et al. (1999) identified

a serine racemase in the brain of vertebrates that produces D-serine as second messenger from

the L-amino counterpart. They have shown that DAAO depletes selectively endogenous D-

serine. Application of DAAO in brain cultures reduces receptor activation for the
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Figure 7: Reaction scheme of D-amino acid dehydrogenation.
M1 and M2 are the Michaelis complexes interconnecting the oxidized and reduced forms of
the enzyme. Molecular oxygen oxidizes the reduced enzyme and water hydrolyses the
iminopyrovate that is released as the corresponding keto acid.
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neurotransmitter glutamate. Thus DAAO seems to be involved in the regulation

neurotransmission. Also the molecular mechanism by which dehydrogenation occurs is still

disputed. This being a fundamental biochemical reaction, several proposals have been put

forward over the years. In the early 1970’s Walsh et al. (1971) discovered that DAAO

catalyzes the elimination of halide from ß-halogenated amino acids.

This lead to the seemingly reasonable conclusion, to be found in biochemistry

textbooks, that catalysis involves abstraction of the substrate αH as H+ via the so-called

carbanion mechanism. Such a process requires an active site base for the abstraction of the α-

hydrogen. The reaction scheme is shown in Figure 8. This mechanism was challenged in 1975

based on work with DAAO reconstituted with the artificial cofactor 5-deazaFAD by Hersh

and Schuman-Jorns (1975), who favored a hydride type mechanism proceeding via

abstraction of the substrate αC-H as hydride and its transfer to the flavin N(5) (or C(5) in 5-

deazaFAD).

Recently two groups reported the three-dimensional structure of DAAO from pig

kidney (pkDAAO) complexed with benzoate, iminotryptophane, and o-aminobenzoate at 2.5

to 3.0 Å resolution (Mattevi, et al., 1996; Mizutani, et al., 1996; Todone et al., 1997; Miura et

al., 1997). The interpretations of the structural data were quite contrasting. From molecular

modeling of D-leucine into the active site Miura et al.(1997) proposed an electron-proton-

electron mechanism as an alternative to an ionic mechanism in which “ two-electron flow

from the amino lone-pair in concert with the α-proton abstraction by N(5) of flavin“. This

formulation could indeed explain the above mentioned halide elimination. On the other hand,

Mattevi’s group (1996) envisaged a classical hydride mechanism. This latter hypothesis is

supported by two pieces of biophysical evidence (Pollegioni et al., 1997): linear free energy
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Figure 8: Mechanism of halide elimination.
The active site base of the enzyme is indicated as Enzyme–B. This base abstracts the Cα
carbon and generates the cabanion intermediate. The charged substrate stabilizes itself by
loosing a clorid ion. In several reaction steps the substrate is hydrolised by the solvent.
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correlations indicate that no significant charge develops in the transition state and kinetic

isotope effects agree with a concerted cleavage of the substrate C-H and N-H bonds in the

catalytic reaction. The method of linear free energy correlation is an approach to investigate

the molecular mechanism of enzymes. This consists in the correlation of reactivities (reaction

rates) with the properties of substrate substituents which influence the steric or electronic

properties of the latter. Hammett (1940) advocated this approach for chemical systems and

Klinman (1976; Miller and Klinman 1985) pioneered its use in the study of enzymatic

reactions.

In view of these controversies we have set out to obtain a three-dimensional structure

of adequate quality for resolving the fundamental issue regarding the reductive half-reaction.

We have selected recombinant DAAO from the yeast Rhodotorula gracilis (RgDAAO) since

it has specific advantages compared to the pig kidney enzyme (Curti et al., 1992; Pollegioni et

al., 1993).
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Results and Discussion

Structure determination

The crystal structures of reduced RgDAAO with D-alanine and of the oxidized

form complexed with 3,3,3-trifluoro-D-alanine (D-CF3-Ala) or with L-lactate were solved and

refined to 1.20 Å, 1.72 Å and 1.46 Å resolution, respectively, a detailed discussion of the

overall structure of RgDAAO is presented later.

Figure 9: The active site of RgDAAO at 1.2 Å resolution.
View of the 2Fobs-Fcalc map (orange) and the omit map (magenta) at a sigma level of 3.0
showing clear electron density potentially arising from H2O2 or O2. The data were obtained
from RgDAAO crystals soaked with 20 mM D-alanine and 200 mM pyruvate.
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Crystals of the reduced enzyme in its complex with the substrate D-alanine were

prepared in an attempt to form the enzyme-product complex. The species obtained

corresponds to M2 (Figure 7) and arises from exchange of the product iminopyruvate with the

substrate. Iminopyruvate is unstable in water, it decompones to ammonia and pyruvate which

binds weakly to the enzyme (Pollegioni et al., 1997). Since the crystals remain colorless until

completion of data collection, the flavin is, at least to a major extent, in its reduced form. The

crystal diffracted to 1.2 Å, to date one of the highest resolution obtained from an enzyme of

this size. The electron density allows detailed observation of the molecular conformation and

the clear identification of a biatomic species with partial occupancy on the Re-side of the

isoalloxazine ring (Figure 9), thus providing structural information on the course of the

oxidative half-reaction.

Specifically, with D-CF3-Ala the interconversion equilibrium of M1 and M2 via step

(b) (Figure 7) is completely on the side of M1 due to the inductive effect of the CF3 group.

This fluoro-substituent has an electronic influence on the αC-H bond as such that the

hydrogen is not transferred to the flavin ring. With respect to formation of the Michaelis

Figure 10: left (A): 3,3,3-Trifluoro-D-alanin             right (B): L-lactate
Orientation of the ligands D-CF3-Ala (A) and L-lactate (B) with respect to the flavin cofactor.

From the geometry of the D-CF3-Ala it is evident that the αC-H bond points towards the flavin
N(5) position, although the resolution of the data do not allow its calculation (see also Figure

6). With L-lactate the αC-H bond (magenta) points away from the αC-flavin N(5) connection

line. The strong H-bond interactions with the α-NH2 /-OH, together with the electrostatic
interaction of the substrate carboxylate group with Arg285, Tyr238 and Tyr223, provide the
rationale for substrate D-specificity in that they prevent binding of the L-amino acid in a

productive manner.
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complex M1, the behavior of D-CF3-Ala (Kd ≈ 6 mM, at pH 8.5 and 25°C) (Harris et al.,

1999) is similar to that of D-alanine (Kd ≈ 3 mM, at pH 8.5 and 25 °C) (Pollegioni et al.,

1997). This is thus one of the few structures of a complex of an enzyme with a quasi-

substrate. The orientation with respect to the isoalloxazine ring is shown in Figure 10A. The

crystals did not change their color upon soaking with D-CF3-Ala and remained yellow. Thus

RgDAAO was not reduced.

L-lactate was found also to bind to RgDAAO and from the structure of its complex

with the enzyme (Figure 10B) we have obtained information complementary to that from the

pseudo-enantiomeric D-alanine. As in complex with D-CF3-Ala the obtained crystal were

yellow in their oxidised form. No conformational differences are observed between the

structures of the oxidized and the reduced enzyme and, specifically, neither between the

isoalloxazines nor in the positions of functional groups at the active site. From this we

conclude that structural information obtained from the oxidized and reduced forms is

interchangeable even though differences concerning the isoalloxazine ring will be discussed

later.

Figure 11: General representation of RgDAAO structure; close-up of the active
center. The complexed substrate D-alanine is located above the reduced flavin Re-side.
Black, dashed lines denote the tight net of hydrogen bonds involved in substrate fixation.
For simplicity the dioxygen species has been omitted.
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The mode of binding of all three ligands follows the pattern found with

flavocytochrome b2, glycollate oxidase, and pkDAAO (Mattewi et al., 1996): the ligand is

anchored via an electrostatic interaction of the carboxylate with the guanidinium group of

Arg285, and the hydroxylate groups of Tyr223 and Tyr238 forming H-bonds to one of the

carboxylate oxygens (Figure 11 close up). The substrate α-NH2 group is H-bonded

symmetrically with Ser335=O and Wat72, both probably being acceptors. Wat72 is fixed in

place by Asn54 Nδ and Gln339 Oε. None of these latter residues is in contact with groups

capable of acid-base catalysis. The ligand or substrate side chain is oriented toward the

hydrophobic binding pocket. The influence on substrate specificity in conjunction with the

binding pocket is detailed in a later chapter. This arrangement contrasts with what is found

with pkDAAO, where only Tyr228 (corresponding to Tyr223 of RgDAAO) forms one H-

bond to the substrate carboxylate oxygen (Mattewi et al, 1996; Mizutani et al., 1996). Both

Tyr223 and Tyr238 thus serve in substrate binding / fixation in RgDAAO and do not play a

functional role in chemical catalysis. In fact, mutation of each of these two tyrosines leads to

RgDAAO mutants with appreciable dehydrogenase activity (Harris et al., 1999).

Figure 12: D-alanine with respect to the isoalloxazine ring.
This structure is essentially identical with that of oxidized enzyme complexed with D-
CF3-Ala (Figure 10A) or L-lactate (Figure 10B). The hydrogen (magenta) is in optimal
orientation for hydride transfer to the N(5) position of the isoalloxazine. The hydrogen
bonds are denoted by the dotted lines. For simplicity the dioxygen species has been
omitted.
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In all three structures the ligand α-function (α-NH2 or α-OH) and the carboxylate

oxygens are fixed within a maximum positional deviation of 0.2 Å. The mode of binding of

D-alanine and of D-CF3-Ala are of primary importance for mechanistic interpretations (Figure

10A, 12). In both cases the tetrahedron representing the αC-ligands is placed in such a way as

to align the αC-H bond in the extension of the orbital of the (oxidized) flavin N(5) atom. The

same mode of fixation of the carboxylate and αOH is found with L-lactate (Figure 10B). Due

to the “enantiomeric“ structure of L-lactate compared to that of the D-amino acid, the αC-H

function is on the opposite (distal) side of a similar substrate tetrahedron with respect to the

flavin moiety (Figure 12). The enantiomeric selectivity of the enzyme does not function via

the binding of the reaction partner, but via the selection of the stereochemical orientation.

The mechanism of substrate dehydrogenation

From a mechanistic point of view, the orientations found with D-alanine and D-CF3-

Ala are exactly the configuration required for efficient hydride transfer (Figure 10A, 12). The

second striking observation is the absence of any functional group at the active center that

might act as acid-base catalyst. From this we are confronted inescapably with the case of a

catalytic event involving the rupture of two covalent bonds (substrate αC-H and NH-H)

occurring in the absence of functional groups capable of acid-base catalysis. The first

conclusion is that a classical carbanion type mechanism can be excluded since its formulation

can hardly be envisaged in the absence of a base functioning in H+ abstraction.

From these data a mechanistic picture emerges which is striking in its simplicity

(Figure 13A). At optimal high pH, the Michaelis complex M1 contains the amino acid with

uncharged α-NH2 group (i.e. CH3-CH(NH2)-COO-) (Figure 7). The orbital of the substrate

αC-H function is in line with the lowest unoccupied orbital (LUMO) of the flavin N(5), with

which it can overlap, and the α-NH2 group is placed at ≈3.1 Å above the pyrimidine ring

positions C(4a)-C(4) of the flavin (Figure 13A). An orbital rearrangement coupled with a

vibronic mode then ensues leading directly to the second Michaelis complex M2. In the latter

a negative charge is delocalized on the flavin pyrimidine ring, and this charge is neutralized

by the positive one that is generated on the product α=NH2
+ group, which lies on top of the

flavin, its Re-side. The interplay of these two charges is assumed to be an important factor in

governing the thermodynamics of the system. The complex of reduced, anionic flavin

RgDAAO with (zwitterionic) D-alanine (α-NH3
+) is a model which closely mimics this set-up

(Figure 13B).
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The mechanism we derived from these data is depicted in Figure 13. It is in good

agreement with the pH dependence of the rate of substrate dehydrogenation. With

phenylglycine the kcat/Km ratio is ≈ 1 mM-1s-1 at pH < 7 and increases to 20 mM-1s-1 at pH >
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(A) mechanism of dehydrogenation via hydride transfer, and (B) comparison with lactate
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configuration of the substrate α-substituents is undefined. Note the balance of charges at the
various states of catalysis.
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8.5 reflecting an apparent pKa ≈ 8.1 (Pollegioni et al., 1997), and indicating that during

dehydrogenation at low pH an involved group deprotonates. The proposed mechanism also

agrees with the observation of a very large kinetic (double) deuterium isotope effect of ≈ 43 at

pH < 7 and with αC-2H-alanine in 2H2O. The isotope effect is reduced to ≤ 3 at pH > 8 . This

means that at low pH, when the amino acid is in the α-NH3
+ (zwitterionic) form in the

Michaelis complex M1 (Figure 7), the large isotope effect results from the multiplication of

two single isotope effects in a concerted or synchronous process (Pollegioni 1997); i.e.

hydride transfer is coupled with deprotonation of the α-N2H3
+. At high pH, i.e. at pH > pK of

the amino acid α-amino group in M1, the isotope effect is small and results from the fission of

only the αC-H bond.

High resolution and oxygen reactivity

At 1.2 Å resolution differences in electronic charges between carbon, nitrogen and

oxygen can clearly be visualized (Figures 9 and 14). This is supported by observable electron

densities for hydrogens at defined positions, such as those at the flavin N(3), C(6) and C(9)

atoms (all sp2 hybrids), and C(1’) (sp3 hybrids). Visualization of electron density differences

corresponding to less than one electronic charge, however, is at the limit of experimental error

with the current data. This is reflected in the absence of corresponding hydrogen densities,

e.g. at the flavin positions C(7)-CH3 and C(8)-CH3 (Figure 14). Similarly, attempts to locate

N(5)-H in the electron density, which would define the oxidation state of the flavin, failed.

We attribute this to the expected hydrogen occupancy of 80 % at this position (see below) and

to H-inversion at the N(5) pyramidal center (H at the Si or Re sides of the flavin plane), which

reduces the expected occupancy to ≈ 40 % at each of the two positions.

On the other hand, the electron density permits observation of a biatomic species with

partial occupancy in contact with the flavin. Either O2 or H2O2, both of which are involved in

the reaction mechanism (Figure 7), can be modeled satisfactorily into the electron density and

refined to ≈ 20 % occupancy (Figures 9 and 14). The electron density does not allow a

differentiation between O2 and H2O2 based on the observation of hydrogens. However, since

the distance between the highest electron density peaks is 1.45 Å and irrespectively of the

refinement protocol used, an assignment of the dioxygen species as H2O2 (theoretical bond

distance: 1.49 Å) appears justified. Further it is clear that there is no covalent bond with the

flavin since no distortion of the flavin plane is observed. Several scenarios are conceivable for

the formation of the species. Most likely it represents a mixture of two species in a 80 % to 20

% ratio, the first consisting of reduced flavin and D-alanine and the second of oxidized flavin,
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H2O2 and iminopyruvate, in which the exchange of the latter with D-alanine has not occurred

yet. This is in agreement of some small difference electron density is seen in Figure 9 above

the Cα position of the D-alanine modeled with full occupancy. The occupancy of H2O2 of

20% corresponds to 1.6 electronic charges (8 e- per O-atom with 20 % occupancy), and is

therefore well defined within the limits of experimental error of the data. Thus the observed

species is assumed to reflect an equilibrium of the various molecules which is influenced by

the specific conditions of crystal soaking, the observed species becoming trapped upon

freezing the crystals. The structure depicted in Figure 14 shows the orientation of flavin and

H2O2 and adds information about how the N(5) position of the flavin is reoxidised. This

obviously should reflect the mode of interaction of dioxygen with the flavin and reflect the

underlying reaction mechanism. The absence of observable (covalent) flavin-oxygen adducts

in the reoxidation half-reaction of DAAO, and of the oxidase class in general, indicates a

transfer mechanism for electrons which does not involve covalent adducts. The observation of

a planar flavin structure contrasts with the proposal of Mattevi et al. (1996), which is based on

the structure of a covalent flavin-N(5)-adduct obtained photochemically.

Figure 14: The isoalloxazine ring of the flavin seen from the Re-side.
Notice the orientation of the H2O2 molecule (in red) and its electron density. Colors were
chosen as in Figure 8. Additionally omit density is shown in green for the hydrogen atoms.
Clear density is visible for N(3), C(6), C(9) and C(1’) hydrogens, whereas the hydrogens at
N(5), C(7)-CH3 and C(8)-CH3 are diffuse or not seen.
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Redox-state and bond length of the isoalloxazine ring

Porter and Voet (1978) solved the structures two propyl-linked flavin- nicotinamide

biscoenzymes. The first of these, Fl-
ox-C3-Nic+, in which both coenzyme moieties are fully

oxidised and the second H2Flred-C3-Nic+ were the flavin moiety is selectively reduced. The

structures were elucidated at a resolution typical for small molecules and therefore the

crystallographic error is very low. Dixon et al. (1979) calculated model bond length of the

reduced and oxidised isoalloxazine ring. They did the estimation with a molecular orbital

method PRDDO (partial retention of diatomic differential overlap) (Halgren and Lipscomp,

1972; 1973). The bond length obtained independently by the two different methods function

as model bond distances of the reduced and oxidised flavin. It is evident, that the

experimentally obtained values reported by Porter and Voet deviate from the theoretical bond

distances. In Table 2 these two kinds of bond length are compared to the reduced D-alanin

structure at 1.2Å  resolution and the oxidised L-lactate structure at the resolution of 1.46Å.

reduced flavin oxidised flavin

Crystallography Model Crystallography Model

Bond D-alanin

(0.01)

H2Flred-R PRDDO L-lactate

(0.08)

Fl-ox-R PRDDO

N5 – C4A 1.43 1.42 (s) 1.38 (s) 1.36 1.30 (d) 1.32 (d)

C4A – C10 1.40 1.37 (d) 1.35 (d) 1.39 1.45 (s) 1.43 (s)

C4A – C4 1.36 1.40 1.43 1.39 1.49 1.50

C10 – N1 1.36 1.38 (s) 1.39 (s) 1.38 1.31 (d) 1.32 (d)

C10 – N10 1.35 1.36 1.39 1.38 1.36 1.35

Table 2: Selected bond length of the isoalloxazine ring
The bond lengths found in the literature are denoted with an s in parenthesis, where single
bond character is predominant and with an d, were an double bond is found. In the case of the
model calculation the redox state was given and the corresponding bond lengths were
calculated. With the crystallographic data it is vice versa. The experimentally estimated bond
length prove the redox state. The experimental errors: L-lactate = 0.08; D-alanin = 0.01.

The nature of the connected atoms and the electronic distribution influence the bond

length and the binding character of the binding partners. It is evident, that the binding

character of certain bonds in the isoalloxazine ring system change upon reduction. In Figure

15 schematic representations of the reduced and the oxidised flavin ring are shown. In the
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oxidised form C4A – C10 is a double bond, N5 – C4A and C4A – C4 are single bonds. In the

case of the reduced and fully protonated molecule the situation is inverted. Now C4A – C10

has single bond character while N5 – C4A and C4A – C4 are double bonded. Best reflected is

this situation by the model calculations of Dixon et al. (1979) (Table 2). Deviations of the

experimental bond length in the data from Porter and Voet (1978) from the model distances

are mainly due to the electronic influence of the crystal packing environment.

The oxidised L-lactate structure shows a tendency into the direction expected from the

redox state (Figure 15 A). Although it does not allow an unambiguous identification of the

oxidised from by measuring the bond distances in the isoalloxazine ring. As the

crystallographic error at a resolution of 1.5Å without introducing restraints is 0.08Å

(Cruickshank, 1999) this could not be expected. Note that the deviations from ideality are

within the experimental error.

Figure 15: The isoalloxazine ring.
The isoalloxazine ring is represented in the D-specific orientation seen from the Re-side
like in Figure 14 in its possible redox states: reduced, oxidised and semichinone. In the
literature the flavin ring is normally shown from the Si-side and turned up-side-down. The
possible mesomeric structures for the semichinone form and the delocalisation of the
negative charge are illustrated.
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The higher resolution and the better estimation of the atom positions in the D-alanin

structure allows a more detailed discussion of the observed bond length, as the

crystallographic error is in the order 0.01Å. Nevertheless the bond distances deviate from

ideality and this must be due to the electronic environment of the isoalloxazine ring.

Two factors are of importance in order to explain the bond length deviation from

ideality as found by Porter & Voet. First the isoalloxazine ring in the D-alanin structure is in

its hydrochinone form. The hydride transfer has occurred. Thus one proton and two electrons

from the D-alanin substrate have been transferred to the N5 position of the flavin. This results

in a negatively charged flavin ring. This charge is delocalized and four possible mesomeric

structures are shown in Figure 15 (B, C, D and E). Secondly the negative charge is stabilized

by the positively charged, protonated imino-function. As the nitrogen atom of this function is

located exactly above the C4A atom (Figure 16) The negative charge will be concentrated at

the C4A position in the isoalloxazine ring. The most favorable situation is shown in the

mesomeric structure (C) in Figure 15.

Figure 16: Position of the imino-function
The positively charged and protonated amino-function of the D-alanin is exactly positioned
above the C4a atom in the isoalloxazine ring. So the negative charge is stabilized, but the

electronic distribution in the flavin ring is influenced. The H2O2 is not shown.
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A detailed analysis confirms the above mentioned. The bond lengths C4A – N5 and

C10 – N10 of the isoalloxazine ring in the reduced form of the D-alanin structure nearly

match the values Porter & Voet observed in their crystallographic structure analysis. In their

study the reduced form was fully protonated (Figure 15 F). The delocalisation of the negative

charge in the 1.2 Å D-alanin structure is illustrated in Figure 15 B, C, D and E. The above

mentioned bond length are not influenced by the delocalized negative charge and correspond

best to the single bond character of the  reduced and fully protonated molecule.

If the bond distance C4A – C4 and C10 – N1 of the D-alanin structure and model

distances of the reduced form are compared one observes in both cases a contraction of the

bond length. The single bond character (Figure 15 F) is influenced by the delocalisation of the

negative charge. Both bonds gain double bond character. The influence on the C4A – C4

(0.04Å) bond is stronger than on the C10 – N1 (0.02Å). This different impact is due to the

higher concentration of negative partial charge caused by the positive imino-function of the

substrate. In agreement with the above mentioned observations the double bond character of

the C4A – C10 bond is weakened. The delocalisation of the negative charge reduces the

electronic partial charge in this bond, even though it is concentrated at the C4A position.

This detailed analysis of the bond length and the consequences of the electronic

distribution in the isoalloxazine ring was possible because of the very high resolution data. It

would be of great interest to measure DAAO with L-lactate in the active site at a comparable

resolution like the D-alanin dataset. This would allow a comparison with the D-alanin

structure and the effects on the bond distances due to interaction of the flavin with the

polypeptide chain, could be sorted out with high accuracy.

The mechanism of substrate dehydrogenation in the dehydrogenase/oxidase

class of flavoproteins

Importantly, D-lactate is also a substrate of RgDAAO, albeit a very poor one. The

ability of D-, L-lactate and D-,L-CF3-Ala to act as substrate of RgDAAO was determined by

following the spectroscopical changes of the enzyme solution after mixing the oxidized

enzyme under anaerobic conditions with these compounds (100 mM final concentration). D-,

L-CF3-Ala and L-lactate are ligands but not substrates of the enzyme: in both cases RgDAAO

retains the typical absorbance spectrum of the oxidized form even after six hours of

incubation at 25 °C. On the other hand, D-lactate slowly reduced the enzyme: an approx. half-

time of reduction of one hour at 25 °C with 100 mM D-lactate has been determined in Dr.

Pollegioni’s laboratory.
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Thus, a comparison with flavin enzymes dehydrogenating lactate is instructive and

reveals a common mechanism. These two classes of enzymes have long been assumed to

work by similar mechanisms (Lederer, 1991); the finding of drastic differences in the

presence of functional groups at the active center between the two enzyme classes has thus

been puzzling (Mattevi et al., 1996; Mizutani et al., 1996). In the family exemplified by

flavocytochrome b2 (Xia et al., 1987), a lysine-NH3
+ close to the flavin pyrimidine N(1)

stabilizes the charge developing on the flavin during reduction. In RgDAAO such a positive

charge is absent. However, we propose that the same function is exerted by the product imino

α=NH2
+. In the b2 class a His (in a pair with an Asp) can be proposed to function in the

abstraction of a H+ of the weakly acidic αC-OH (pKa of lactate αC-OH can be estimated as

≈15), thus initiating the expulsion of hydride. Such a machinery is not required with DAAO

since the amino acid binds either in the form suitable for hydride transfer (i.e. as α-NH2 at pH

> 7.4) or in the α-NH3
+ form, in which the required deprotonation is kinetically facile

(compared to that of α-OH) and is coupled with hydride transfer. Indeed, the rate of D-alanine

dehydrogenation by RgDAAO (as reflected by flavin reduction) is approx. seven orders of

magnitude larger than that of D-lactate, this reflecting approximately the difference in pKa to

be expected for the α-OH vs. the α-NH3
+ groups in question. From this we conclude that

dehydrogenation of α-amino acids and of α-hydroxyl-acids by flavoproteins proceeds by the

same hydride type mechanism as such can not rationalize the elimination reactions observed

with both classes of enzymes. This is likely to occur via secondary reactions, as proposed

earlier (Massey et al., 1975).

Conclusion

With respect to the three mechanisms discussed for DAAO dehydrogenation catalysis,

the present results provide conclusive arguments in favor of the hydride transfer mechanism.

The proposed mechanism appears to be unprecedented in that it does not require functional

groups provided by the apoprotein aiding chemical catalysis. Those groups present at the

active site are involved in substrate recognition, binding, fixation, and optimal orientation of

interacting orbitals. Hydride transfer on the path from M1 to M2 must be coupled with a

specific vibronic mode, which accompanies bond reorganization and transformation of the

tetrahedral substrate αC-center into a planar product. This is in agreement with the previous

observation (Pollegioni et al., 1997) that steric parameters of the side-chain of the substrate

(in particular on the para-position of the aromatic ring of phenylglycine) are important for the



Chapter III                                                                                                                                      47

step of dehydrogenation (M1 -> M2) and less for that of hydrogenation (M2 -> M1). The

present mechanism would represent a mode of catalysis in which orbital steering/interactions

are the predominant or sole important factors. It would be in line with the concept put forward

by Koshland’s group (Mesecar et al., 1997) that orbital orientation is a major quantitative

factor in enzyme catalysis, at least for these types of reactions.
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Materials and Methods

Spectral characterization, crystallization and data collection

Recombinant RgDAAO was obtained in the laboratory of Pollegioni by Gianluca

Molla as described previously (Molla et al., 1998). A sample of the pure protein was

concentrated to 10 mg ml-1 and equilibrated in 20 mM HEPES buffer, pH 7.5, by

chromatography on Sephadex G-25 column.

Crystals were grown with the hanging drop vapor diffusion technique by mixing 4 µl

of concentrated protein with an equal volume of reservoir solution (100 mM HEPES, pH 7.6,

15 % polyethylene glycol 10 000, and 200 mM ammonium sulfate). All crystals grew within

10 days to a final size of approx. 350 x 350 x 150 µm, at 18 °C. The crystals belong to the

tetragonal space group I422, with one molecule per asymmetric unit, a Matthews (1968)

coefficient of 3.18 Å/Dalton, and a solvent content of 61 % (v/v). All data sets were collected

from flash frozen crystals using 20 % glycerol as cryo-protectant.

Crystals were soaked with 20 mM D-alanine in presence of 200 mM pyruvate. During

this procedure the crystal changed its color from yellow to colorless and remained so during

data collection. This indicates that the flavin cofactor remained reduced during the

measurement. The crystal diffracted to 1.2 Å at the X11 beamline at DESY, Hamburg.

The D-CF3-Ala crystal was prepared by soaking with a mixture of 10 mM D,L-CF3-

Ala and measured at a rotating anode source (Schneider, Offenburg, Germany) and MAR345

image plate system in the laboratory of Konstanz.

Data of RgDAAO complexed with L-lactate were collected to 1.46 Å at the BW7B

beamline at DESY, Hamburg. In all the three cases data reduction and space group

determination was carried out in XDS (Kabsch, 1988).

Molecular replacement and refinement

The structure was solved by the method of molecular replacement. Rotation and

translation functions were calculated with X-PLOR (1992) using pkDAAO (PDB code 1AA8)

as a search model and the L-lactate data set. The translation function value of the best solution

was 7 sigma above the mean with an corresponding R-factor of 48.8% at a resolution of 3.0

Å. Maps calculated with omitted FAD showed clear density for the cofactor. The
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Table 3: Crystallographic data and refinement statistic

Parentheses denote the highest shell. Rmrgd-F = Σ | AIh, P - AIh, Q | / ( 0.5 * Σ AIh, Q
 + AIh, P

 ), with A

are pseudo-amplitudes, where even negative reflections contribute to the overall Rmrgd-F, and

Ih, P or Ih, Q are two subsets of randomly assigned observations. (Diederichs & Karplus, 1997)

Diffraction data D-alanine D-CF3-Ala L-lactate

Redox state of flavin reduced oxidized oxidized

Resolution limits 100 - 1.20 100 - 1.72 100 - 1.47

Wavelength (Å) 0.9114 1.5418 0.8345

Cell axes (Å) a = b = 120.89

c = 136.36

a = b = 120.36

c = 136.63

a = b = 120.67

c = 136.36

Observed reflections 1 000 779 230 642 515 122

Unique reflections 155 642 52 652 83 893

Completeness (%) 99.9 (99.9) 98.9 (96.7) 99.1 (91.2)

Rmrgd-F 8.4 (42.4) 11.0 (37.2) 5.3 (28.8)

I / Sigma 15.7 (2.7) 8.9 (2.3) 20.1 (3.2)

Final refinement statistic

Final R factor / R free (%) 11.8 / 15.0 16.2 / 20.3 11.2 / 16.1

Anisotropic B factor refinement all non-hydrogen

atoms

sulfur and

phosphate

all non-hydrogen

atoms

No. Of non-hydrogen protein atoms 2799 2799 2799

hydrogen included not included included

No. of disordered atoms1 38 14 24

Solvent molecules with full occupancy 613 580 648

Solvent molecules with half occupancy 68 137 141

Substrates, ligands, and cofactor D-alanine, O2

(20%), FAD

D-CF3-Ala, FAD L-lactate, FAD

Model rms deviations from ideality2

bond lengths (Å) 0.008 0.011 0.008

bond angles (°) 1.57 2.48 1.73

1For the disordered residues, only the major component atoms were considered
2Calculations performed with SHELXPRO (Sheldrick & Schneider, 1997)
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resulting electron density maps were of sufficient quality to model the correct sequence and

the FAD with the program O (Jones et al., 1991). The model was refined with CNS (Brünger

et al. 1998) using standard protocols for simulated annealing, minimization and B factor

refinement. At an R-factor of 20.4% further refinement was on continued with SHELXL

(Sheldrick and Schneider, 1997), using the same test set of 5% of all reflections for

calculating Rfree (Brünger, 1992) as used in CNS. The model obtained from refinement with

the L-lactate dataset was used as a starting point for the refinement of D-alanine and D-CF3-

Ala data sets. For the three refined structures the same test set of reflections for calculating

Rfree was used (Table 3).

All figures were prepared with the program MOLSCRIPT (Kraulis, 1991) and Raster3D

(Merrit & Murphy, 1994). The electron density in Figures 9 and 14 were calculated with

SHELXPRO, and transformed with O (Jones et al., 1991) to a MOLSCRIPT readable format.

Coordinates

Atomic coordinates and structure files have been deposited in the Brookhaven Protein

Data Bank (accession code 1c0p [D-alanin], 1c0l [L-lactate] and 1c0k [3,3,3-Trifluoro-D-

alanin]).
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CHAPTER IV

Structure and Mechanism of D-Amino Acid Oxidase from Rhodotorula gracilis

in complex with various ligands

Abstract

D-amino acid oxidase (DAAO, EC 1.4.3.3.) catalyses the oxidative deamination of D-amino

acids to the corresponding α-keto acids and ammonia. The enzyme from Rhodotorula gracilis was

expressed in Escherichia coli, isolated and crystallised. The crystal structure was elucidated with

the method of molecular replacement using the model of pig kidney DAAO (PDB code 1AA8). In

solution the enzyme is a homodimer with C2 symmetry. The stability of the dimer is largely due to

an extended loop not conserved in other known D-amino acid oxidase sequences. The cofactor FAD

is bound in an elongated conformation in the core of the enzyme. Several substrates and ligands

could be bound to the RgDAAO crystals without affecting the diffraction quality. This allows to

obtain structures of various enzyme-ligand complexes at different resolution: D-alanine (1.2 Å), D-

CF3-alanine (1.74 Å), L-lactate (1.46 Å) and anthranilate (1.9 Å). In the latter crystals two

anthranilate molecules were found, one is located in the active site and the second placed in a

funnel forming the entrance to the active site and the second anthranilate molecule interacts with

Tyr238. This active site residue plays an important role as a gate. It opens and closes and therefore

allows substrate binding and release from the active site. In the closed form Tyr238 interacts with

the carboxyl group of the substrate and enhances its binding.
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Introduction

D-amino acid oxidase (DAAO, EC 1.4.3.3) is a flavoenzyme which catalyses the

deamination of D-amino acids to their imino acid counterparts with the concomitant 2-electron

reduction of the coenzyme FAD. In the following steps the reduced flavin is reoxidised by

molecular oxygen with the production of hydrogen peroxide. The imino acid spontaneously

hydrolyses by  reaction with water to yield the corresponding α-keto acid and ammonia. The overall

reaction is summarised in the following (Figure 17):

[1]   R-CH(-NH3)-COO-  +  DAAO-FADox  −−>  R-C(=NH2
+)-COOH   +   DAAO-FADHred

- + H+

[2]   DAAO-FADHred
-    +   O2  +  H+           −−>  DAAO-FADox     +      H2O2

[3]   R-C(=NH2

+)-COO-    +    H2O               −−>  R-C(=O)-COO-     +    NH4

+

Figure 17: Reaction scheme of D-amino acid oxidation by DAAO

Since its discovery by Krebs (1935), DAAO has been extensively studied using

biochemical, spectroscopic and kinetic techniques. In 1996, the crystallographic structure of DAAO

from pig kidney (pkDAAO) was reported by two groups independently (Mattevi et al., 1996;

Mizutani et al., 1996). The conclusion drawn from the structural data, combined with modelling of

a substrate molecule into the active site, were quite contrasting with respect to the reaction

mechanism. The resolution of the data and the nature of the ligands bound to the active site did not

allow an unambiguous assessment of the mechanism of redox transfer.

Recently, a different DAAO was isolated from the yeast Rhodotorula gracilis (RgDAAO).

This flavoenzyme, has been used extensively exploited as a model system for mechanistic studies

(Pollegioni, 1997) and as a potent industrial catalyst (for a review see Pilone and Pollegioni, 1998).

The structures of RgDAAO in complex with D-alanine, D-CF3-alanine and L-lactate were solved

and are described in detail in the previous chapter III. Because of the high resolution data and the

nature of the bound compounds, the mechanism of flavin reduction in the first step [1] of the

reaction has been identified as a hydride transfer. Structural information regarding the reoxidation

step of the reduced flavin with oxygen was also obtained: a dioxygen species was found above the

flavin plane, supporting a model in which no covalent flavin oxygen adduct is formed during the
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reoxidation process of the reduced FAD.

In contrast to the pig kidney DAAO (Curti et al., 1992), RgDAAO is characterized by a high

turnover number, a stable dimeric aggregation state and a tight binding with the FAD. The two

enzymes sustain the same sequential (ternary complex) kinetic mechanism with neutral D-amino

acids such as D-alanine, but they possess different rate-limiting steps: in RgDAAO, it is the rate of

flavin reduction (Pollegioni et al., 1993) and, in pkDAAO, the product release from the reoxidized

enzyme (Porter et al., 1972). The higher catalytic efficiency of RgDAAO is reflected in a

significantly higher absolute value of the turnover number. The rate of flavin reduction in RgDAAO

is 20100 min-1 and in pkDAAO 600 min-1 (Pollegioni et al., 1992). As a consequence of higher

stability and turnover number RgDAAO presents relevant characteristics for exploitation in a

number of biotechnological applications.

The variance in the turnover number of the two DAAO's are most probably due to a

different evolutionary drive and function of the enzyme in their organisms. RgDAAO is specifically

induced to a large level (up to 0.3% of the total soluble proteins in the crude extract) by growing the

yeast in the presence of D-amino acids as the sole nitrogen and/or carbon source. RgDAAO is thus

involved in primary metabolism, and the efficiency of D-amino acid utilization is fundamental for

growth. On the other hand, although the function of DAAO in higher organisms is not well known,

it is not involved in the catabolic employment of D-amino acids. Thus, we can conclude that

properties of DAAO in yeast and vertebrates have been evolved to cope with different metabolic

requirements and functions.

In order to determine the structural basis of these peculiar functional characteristics, a

crystallographic investigation of the active site was undertaken by binding different substrates and

ligands into the RgDAAO crystals and inspecting changes in the three dimensional structure. Here

we report the three dimensional crystal structure with a focus on the FAD cofactor and comparison

with the known structure of pkDAAO. The results complete the picture of how the long time known

enzyme works and explains the different biological properties.
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Results and Discussion

Overall structure and topology

Figure 18. Ribbon representation of the RgDAAO structure in complex with D-alanine.
At the top a kind of cave is formed to make the isoalloxazine ring substrate accessible. At the

bottom the core of the enzyme is built of antiparallel β-sheets. Antiparallel β-sheets are shown in

green, the α-helices are depicted in blue and the coil regions in grey. The carbons of the
elongated FAD are marked in yellow while that of the D-alanine positioned in the active site are
brown. The dioxygen species is not shown. N- and C- terminus are close to each other, while the

long N-terminal tail leads to an β-sheet. The labels correspond to the topological diagram in

Figure 19.
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Crystal structures of oxidised RgDAAO complexed with the pseudosubstrate 3,3,3-trifluoro-

D-alanine (D-CF3-alanine), L-lactate and anthranilate and of reduced RgDAAO with the substrate

D-alanine were solved and refined to 1.72 Å, 1.46 Å, 1.90 Å and 1.20 Å resolution, respectively.

The overall structure of one monomer with elliptical shape is depicted in Figure 18 at the highest

resolution. The structures at lower resolutions deviate within experimental error. This is seen in the

mean distance of all Cα positions. With the program MAPS (Lu, 1998) it was calculated to a value

of 0.12 Å. The dimension of the molecule is approx. 62 Å long and 33 Å wide.

The recombinant enzyme employed for the crystallisation trials was produced in

Escherichia coli using the pT7-DAAO expression system and thus contains six additional residues

(MARIRL) at the N-terminus (the purified chimeric RgDAAO is a protein of 374 amino acids)

(Molla et al., 1998). In all the structures one protein molecule was found per asymmetric unit, with

clear electron density for 361 amino acids, the flavin cofactor and the ligand or substrate depend on

the soaking condition. At the N-terminus only two (MA) out the six additional amino acids could be

modelled into the electron density as will be detailed later. The remaining four amino acids (RIRL)

have no uniform conformation and therefore result in a noisy electron density.

Furthermore, in the longest loop connecting the two core β-sheets of the enzyme the

electron density for six amino acids (Arg312-Gln319) is also not clear, indicating flexibility. This part

of the polypeptide chain thus was modelled according to sequence. During the refinement no

additional restraints for these residues were implemented and therefore these residues may be found

in disallowed or the so called generously allowed regions judged by PROCHECK (Laskowski et al.,

1993). The overall structure of RgDAAO is depicted in Figure 18.

The C-terminal residues Ala362-Leu368 are also not visible in the electron density. This

region contains the SKL tripeptide which is the targeting sequence for peroxisomal proteins. The

same situation was found for the mammalian DAAO (Mattevi et al., 1996; Mizutani et al., 1996)

and underlines the importance of the mobility of the targeting signal to interact with the PAS8-like

receptor, the peroxisomal membrane protein that binds selectively to the SKL peptide of

peroxisomal proteins on the cytosolic face of peroxisomes (for a review see Subramani S., 1993).

This DAAO region is also highly susceptible to proteolysis in vivo, as confirmed by the observed

microheterogeneity of the enzyme purified from R. gracilis cells, judged by gelelectrophoresis,

which results from the association of two polypeptide chains differing in the C-terminal tripeptide

giving three different holoenzyme dimers (Pollegioni et al., 1995; Campaner et al., 1998).

From the secondary structure topology of RgDAAO (Figure 19) a separation into two

domains is not evident in contrast to the mammalian enzyme (Mattevi et al., 1996). The polypeptide
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chain crosses from one domain to the other more than once and as a consequence the C- and N-

terminus are found in the same domain. Nevertheless the monomer can be divided into two moieties

both with antiparallel β-sheets in their cores. The first is the FAD binding core containing six

antiparallel β-sheets (1, 2, 5, 6, 12 and 13), four long α-helices (A, B, E, and M) and two short α-

helices named F and G. Here the characteristic βαβ motif (1, A, 2) for dinucleotide binding found

in several flavoenzymes is present. The second is the substrate binding moiety with two long

antiparallel β-sheets (7, 11) bending around the isoalloxazine moiety of the FAD and a set of three

shorter β-sheets (8, 9, 10). These β-sheets constitute the core of the substrate binding region

together with a long α-helix at the top. Two antiparallel β-sheet with several short α-helices within

the coil region are also part of this section.

Figure 19. Secondary structure topology of RgDAAO.
α-helices are shown as cylinders (and marked in alphabetical order) whereas β-strands are
indicated by arrows (and marked with sequential numbers). Insets A and B show the
topology of the corresponding region for the mammalian DAAO.
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Three main differences between the topology of yeast and mammalian DAAO get apparent:

in the head region of RgDAAO three additional short α-helices (C, I and L) are present; the active

site loop connecting the β-strands 8 and 9 is significantly shorter (6 residues in RgDAAO vs. 11

residues in pkDAAO) and thus results in a different conformation; a long C-terminal loop (21

amino acids connecting β-strands 12 and 13) is not present in pkDAAO (note insets A and B in

Figure 19). These differences and their biological and functional consequences will be discussed in

detail later.

Mode of dimerisation

In pkDAAO the examination of crystal contacts lead to the proposition of an head-to-head

mode of dimerisation, were the substrate binding domains contact each other. The monomers are

related by a 2-fold axis with approximately 15% (1512 Å2) of the accessible surface buried upon

dimerisation, yielding an elongated dimer of cylindrical shape (112 x 45 x 31 Å) (Mattevi et al.,

1996; Mizutani et al., 1996).

Figure 20: The head-to-head mode of dimerisation found in pkDAAO.
The RgDAAO molecules are in the crystal structure in shown orientation. This kind of

dimer would results in an elongated particle in solution.
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The DAAO apoprotein from Rhodotorula gracilis is entirely found as a 40 kDa monomer

which spontaneously shifts to a dimeric state when reconstituted with the coenzyme FAD (Casalin

et al., 1991; Pollegioni and Pilone, 1996). Due to the fact that the monomeric apoprotein has no

catalytic activity and the cofactor FAD is involved in many contacts of protein core (details later), it

is probable that dimerisation is a consequence of formulation of the holoenzyme and of importance

for the protein activity. In the dimer, each RgDAAO molecules contains one FAD and the state of

aggregation does not depend on protein concentration. Since all RgDAAO complexes crystallised in

the same tetragonal space group I422 with approximate cell axes of a = b = 121 Å and c = 136 Å,

the mode of dimerisation can not be derived directly from crystal symmetry. Several observations

indicate that the dimer in RgDAAO is different from that found in pkDAAO (Figure 20).

Figure 21. Ribbon presentation of RgDAAO showing the proposed mode of dimerisation.
The head to tail orientation of the RgDAAO monomers view is shown along the 2-fold axes.
This mode of dimer found in the crystal resulting in the largest buried surface area, an spherical
particle in solution and explains the importance for dimerisation of the long loop not found in
other DAAO sequences.
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Dynamic light scattering experiments of the RgDAAO holoenzyme in solution result in a

monodisperse size distribution with an hydrodynamic diameter of approximately 40 Å. The

corresponding molecular weight was calculated by the DynaPro software package to a value of ~ 79

kDa asuming spherical shape in accordance with the dimer shown in Figure 21. This is in

agreement with the theoretical value of 82 kDa for the recombinant chimeric RgDAAO dimer

(Molla et al., 1998). As the theoretical molecular mass corresponds nicely to the experimentally

estimated mass this is a strong indication that the RgDAAO dimer is spherical in solution.

The 21 amino acids long loop connecting β-strand 12 and 13 (Figure 19: insert B) is not

present in other known DAAO sequences (Faotto et al., 1995). Since this loop folds into the

solution and has high flexibility, this region is highly susceptible to protease attack by trypsin,

chymotrypsin and thermolysin (Pollegioni et al., 1995; Campaner et al., 1998). In all cases, limited

proteolysis gives an active but monomeric holoenzyme containing two polypeptides. One has a size

of approx. 34 kDa (Met1- Leu312) and the other is 5 kDa approx. (Ala319-Ala362). These two

fragments can only be detected under denaturing conditions like in SDS- gelelectrophoresis. The

proteolysed form of RgDAAO stays in solution, has catalytic activity and holds the cofactor FAD,

but unlike the intact form it does not dimerize (Pollegioni and Pilone, 1996). This experimental

observation is an indication that this loop is essential for the dimerisation in RgDAAO.

One monomer per asymmetric unit makes crystal contacts to three possible symmetry-

related candidates resulting in different dimeric arrangements. For all the resulting potential dimers,

the surface areas buried by their contact were calculated using a subprogram available in the CNS

program package (Brünger et al., 1998). The surface area at the interface of two monomers oriented

in a tail-to-side manner gave a value of 678 Å2 (not shown). In the case of the head-to-head

orientation shown in Figure 20 the buried surface area calculates to 1492 Å2. This is near the value

reported for the pkDAAO dimer, where the surface area of this dimer contact buries 1512 Å2.

By far the largest buried surface area was estimated for the head-to-tail orientation in the

dimer, shown in Figure 21, related by a 2-fold symmetry. Janin (1997) reports about the dimension

of buried surface area as criterion, when crystal contacts can be judged as specific and not

accidental and therefore of biological relevance. Based on the available crystallographic data he

proposes a positive exponential correlation of the probability for biological relevance with the size

of the buried surface area formed by the crystal contact. The minimal size is in the range of 800 Å2.

In the case of RgDAAO where the buried surface is 3049 Å2 and double to that found for the dimer

of pkDAAO the probability for biological relevance is approx. 85%.
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From the surface area calculations and the above mentioned observations, we propose that

the dimer depicted in Figure 21 corresponds to the mode of RgDAAO dimerisation in solution.

Obviously this is different from that observed in the mammalian enzyme and could give a rationale

for the higher stability of the dimeric aggregation state of the yeast enzyme compared to the

mammalian one.

Figure 22. The temperature factor plot.
 Ribbon representation of RgDAAO with a colour scaling of main chain atoms for
temperature factors. Blue corresponds to a low B-factor (10 Å2) and red to a high value (90
Å2). At the bottom a diagram showing the B-factors of main chain atoms. The residue
number (x-axis) is plotted against the mean B-factor value in Å2 (y-axis). In this diagram
red corresponds to loop regions, blue to α-helices and green to the β-sheets.



CHAPTER IV                                                                                                                                              61

An analysis of the temperature factor is illustrated in Figure 22. It can be stated that the B-

factors for the molecule are low, the mean value is approx. 15 Å2. This is expressed by the blue

colour in the representation. Only in loop regions we find temperature factors that are slightly

higher than the mean. This is what we would expect, because the secondary structural motifs like β-

sheet or α-helix are per definition more rigid. The organisation of the loop regions is in general not

as defined the and as consequence less rigid. This is reflected by slightly higher B-factor values,

exceptions are found where the loops are involved in crystal contacts. This is nicely seen in the long

loop connecting β-strands 12 and 13. In general this loop has B-factors significantly higher than the

mean. In particular amino acids 303 - 313 show high B-factors (above 50 Å2 mind the colour being

red), while the amino acids of this loop involved in the crystal contact forming the dimer have B-

factors comparable to the mean of the whole polypeptide chain.

Crystal contacts of the N-Terminus

In order to have a good expression system for RgDAAO in E. coli it was necessary to

produce a recombinant chimeric enzyme containing six additional residues (MARIRL) at the N-

terminus. This additional hexapeptide appears to play an important role in formation and growth of

RgDAAO crystals. This is concluded from intense crystal contacts at the very end of the N-

terminus.

Buried surfaces were calculated using the complete co-ordinates and an N-terminally

reduced polypeptide chain. Removing the four last modelled N-terminal tail residues results in a

dramatically change of the contact area between the molecules in crystal contact: the buried surface

area is roughly halved from 1500 Å2 to 800 Å2 and highlights the importance of the additional N-

terminal hexapeptide in crystal formation and stability. Within this theoretical calculation the

crystal form and the unit cells were not changed.

In Figure 23 the interaction of the N-terminal residues with the symmetry equivalent RgDAAO

molecule is shown in detail. The backbone residues of Met1 and Met0 (MARIRL) make hydrogen

bonds with two backbone residues Ala296 and Arg298 of the β-sheet 12. The backbone carbonyl of

His2 is hydrogen bonded to Arg358, and Met1 is also in van der Waals contact with Val351 and

Tyr359 of the α-helix M.

It is an astonishing fact, that only two amino acids of the hexapeptide are seen in the crystal

structure and the rest of the hexapeptide is too floppy to result in defined electron density.

Nevertheless the elongation of the N-terminus has a positive effect on the crystallisation behaviour,
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because crystals of the wild-type protein were never achieved. Directly involved in the crystal

contacts of this hexapeptide is only Met0. The two N-terminal residues Met1 and His2 add at least

the same binding energy to this crystal contact. Therefore we conclude, that it the hexapeptide

mediates the forming of this crystal contact, but when it is formed does not play an important role

adding a large amount of the binding energy anymore.

Figure 23. Participation of the N-terminus in crystal contacts.
Representation of interactions between N-terminal residues Met0, Met1 and His2 with
residues belonging to α-helix M and β-sheet 12 of the symmetry related RgDAAO
molecule.
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FAD Binding

The prosthetic group FAD in RgDAAO is in its extended conformation and is not covalently

bound to the polypeptide chain of the apoprotein. The cofactor is completely buried inside the

protein molecule (Figure 18) and thus is not solvent accessible. This was expected from previous

experiments where the apoprotein was reconstituted with various FAD-derivatives modified at

positions C2, C6 and C8 of the isoalloxazine ring (Pollegioni et al., 1992). Only a few potential

FAD hydrogen bond donors or acceptors do not interact with the polypeptide chain of the protein

via hydrogen bonds. This leads to a strong net of hydrogen-bonds (Figure 24) that hold the protein

core together and probably positions the cofactor strategically for substrate binds.

As observed in other dinucleotide binding proteins, the N-terminal α-helix (A) is located in

the way that its partial positive charge compensates the negative charges of the ribosityl phosphate

group of the flavin. This is called the „βαβ motif“ which is characteristic for a dinucleotide binding

site. Another characteristic for FAD containing proteins, the N-terminal GXGXXG consensus

sequence (Gly11, 13 and 16 in helix A) (Wierenga et al., 1985), is also present in RgDAAO. These

amino acids can be found in the loop connecting strand 1 and helix A near the phosphate groups of

the cofactor (see Figure 18).

The flavin ring is held in position by two hydrogen bonds from C(4)=O to residue Asn54,

while N3 and N5 interact with the backbone carbonyl of Asn54 and nitrogen of Gly52, respectively

( both residues are located on the loop region connecting β-sheet 2 with α-helix B). The C(2)=O of

the flavin is hydrogen bonded to the backbone nitrogens of Gln339 and Tyr338. These two residues

are located in helix M. The isoalloxazine N1 position is only 3.15 Å away from the carbonyl of

Ser335, so it is also a potential candidate for interaction (Figure 24).

The hydrophobic part of the isoalloxazine ring is in van der Waals contact with a pocket

formed by the antiparallel β-sheets 3 and 4. The overall geometry of the isoalloxazine ring

interactions with the polypeptide chain is analogue to that found in pkDAAO: the hydrophobic part

interacts with a non polar pocket, while the hydrophilic moiety interacts via hydrogen bonds with

the apoprotein.

The diphosphate group forms hydrogen bonds with Ala47 and Ser48 and additionally with

Ile15, the residue located at the N-terminus of the helix A. This nine amino acid long helix

stabilises, with the partial positive charge resulting from the helix dipole, the two negative charges

of the diphosphate. Four water molecules are found in correct hydrogen bonding distance to three of

the phosphate oxygens. In the mammalian enzyme only three water molecules interact with two of
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the phosphate oxygens. Asp34 the highly conserved amino acid of the mononucleotide binding

domain interacts via two strong hydrogen bridges with the two OH-groups of the FAD ribose. One

of these is hydrogen bonded with the backbone nitrogen atom of Ser12. Finally, the adenosine part

makes hydrogen contact with the backbone of Val162 and Arg35 (Figure 24).

Figure 24: Schematic representation of flavin apoprotein hydrogen bonds in RgDAAO.
All residues interacting with donor or acceptor atoms of the cofactor are depicted. The hydrogen-

bonds are marked as arrows and distances are given.
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In chapter III the bond length of the isoalloxazine ring and its consequences for the state of

oxidation is already discussed in detail. Noteworthy at this point is that the flavin ring system of the

oxidised and the reduced form in the present structures do not deviate in their flat appearance and

orientation. In both cases the hydrophilic part of the isoalloxazine ring is perfectly planar, while the

hydrophobic π-system is slightly deformed. This is in accord with our data available at the current

resolution. No angular deformation in the isoalloxazine ring is evident as suggested before (Todone

et al., 1997).

In flavin containing enzymes, e.g. the b2 class, a negative charge developing at the N1

position is stabilised by an positively charged lysine (Lederer et al., 1991). In pkDAAO the

negative charge is stabilised by an α-helix dipole (Mattevi et al., 1996; Mizutani et al., 1996). With

this respect the protein microenvironment surrounding the N1 position of the isoalloxazine in

RgDAAO is an interesting point to discuss.

A negative charge develops during reduction of the flavin. It can be induced

photochemically by producing the corresponding semichinone form or by the covalent binding of

sulphite at the N5 position. As discussed in a previous chapter, this negative charge is delocalized

over the pyrimidin moiety and neutralised by the positively charged intermediate α-imino function

with consequences for the bond length in the flavin ring system. The carbonyl oxygen of Ser335

positioned at the N-terminal end of the long helix M is located very close to the N1 atom of the

flavin. This residue might mediate the dipole of the helix and give additional stability. As a

consequence there are no positively charged residues necessary to stabilise the negative charge that

develops at the N1-C2=O locus of the flavin.

Arg285 of RgDAAO plays a crucial role in substrate binding and fixation. It is in all cases

located in a parallel orientation to the C7 and C8 positions of the flavin. Site-directed mutagenesis

of this residue results in mutant RgDAAO with catalytic competence. The mutant is characterised

by a low percentage (20%) of a thermodynamically stabile semiquinone form. In the wild-type

enzyme semiquinone stability is 65%. This decrease in stability can best be explained with a

conformational change of Arg285 in the wild type enzyme. In absence of a bound ligand, the

guanidinium part of Arg285 can rotate around Cε and reach a distance not far away from the

charged part in the isoalloxazine. This small conformational change in Arg285 would allow the

stabilisation of a negatively charged flavin and explains the high amount of the red anionic

semiquinone form photochemically produced in RgDAAO. The 20% amount of mutated RgDAAO

stabile in the semichinone form is achieved by the mentioned dipole influence from helix M.
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Stabilisation of the negative charge works internally in two alternative ways. During the

reaction cycle the negative charge is neutralised by the imino function of the substrate and if no

substrate is present Arg285 is able to undergo a conformational change. While the dipole of helix M

in both cases adds stability to a negatively charged flavin.

Architecture of the active site

The active site of RgDAAO is a cavity delimited by two longer β-sheets (7 and 11) bent

around the isoalloxazine ring of the flavin and two shorter β-sheets 8 and 9 (see also Fig 18)

situated close to the substrate binding site. All these β-sheets are antiparallel and connected by

hydrogen bonds resulting in a rather rigid arrangement. At the Re-side of the flavin, the opposite

side were the substrate is bound, the loop connecting β-sheet 2 and α-helix B is involved in

backbone hydrogen bonds with acceptor / donor groups of the flavin. On the Si-side, the N-terminal

end of the long helix M with Ser335 at its N-terminal end forms the boundary of the active site.

Interestingly and different from pkDAAO (Mattevi et al., 1997) a loop acting as a lid and

controlling the substrate / product exchange at the active site, is not found.

The superimposition in the isoalloxazine rings of the four RgDAAO-ligand complexes

(Figure 25) show that the above mentioned regions delimiting the active site do not deviate in their

positions. For the complexes with D-alanine, D-CF3-alanine and L-lactate the side chains

participating in substrate binding and fixation, including the Wat72, are in approx. the same

position. A tight net of hydrogen bonds allows the correct orientation of the D-enantiomer

substrates with respect to the flavin to yield an efficient hydride transfer, as already detailed in the

previous chapter. The amino acids involved in substrate binding are: Arg285, interacting with the

αCOO--group of the substrate, Ser335, fixing with its backbone carbonyl the NH2/OH group of the

bound compound, Wat72, held in position by Asn54 and Gln339 and finally the two tyrosines 223

and 238 interacting with one of the carboxyl oxygens.

Figure 25 shows that the three compounds and the anthranilate are bound and oriented

similarly. The carboxyl group points toward Arg285 and the amino function interacts with Ser335.

On the other hand some significant differences in the binding are evident. In the DAAO-

anthranilate complex Tyr238 points away from the carboxyl group of the anthranilate and is too far

away to make hydrogen contact with the competitive inhibitor. Furthermore, the active site water

molecule Wat72, present in all the other RgDAAO complexes and making an hydrogen bond with

the OH / NH2 function, is absent while the hydrogen-bond interaction and conformation of Arg285,

Tyr223 and Ser335 are exactly as found in the three other complexes.
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Figure 25. Superimposition of the active site.
The mode of binding and fixation for the ligands D-alanine, D-CF3-alanin and L-lactate with

respect to the flavin cofactor is the same. Dashed lines indicate the tight net of hydrogen bonds.
The anthranilate molecule is held in nearly the same fashion, although the conserved Wat72 is not
present and Tyr238 does not interact with the anthranilate molecule. For the sake of survey the

second anthranilate molecule is omitted in this representation.
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Although the net of hydrogen bonds in the anthranilate complex is not as tight as in

RgDAAO complexed with L-lactate, 40 mM anthranilate present in the soaking buffer is able to

displace L-lactate from the binding site. The hydrophobic benzene ring of anthranilate strongly

interacts with the hydrophobic binding pocket of RgDAAO increasing the energy of binding and

compensating the non existent hydrogen bonds. The dissociation constants for the binding of L-

lactate and anthranilate are 16.3 mM and 0.2 mM, respectively. The unfavourable interaction of the

benzene ring with the active site water molecule normally fixed by Asn54 and Glu339 and steric

considerations allows to explain the lack of Wat72 in the anthranilate RgDAAO complex.

In the structure of the RgDAAO complexed with anthranilate a second ligand molecule

parallel to Tyr238 is found (Figure 26). It is fixed at this position during the diffusion process

through the active site funnel that is formed for substrate uptake. Tyr238 is the central residue in

allowing the formation of this funnel. This orientation could be named the open conformation of

RgDAAO. The active site residue Tyr238 must play an important role for substrate uptake and

leading the substrate in the correct orientation into the active site. A hint for this assumption is the

fact, that the hydroxyl group interacts with the amino function of the second anthranilate molecule.

This interaction could also play an important role for bringing the real substrates like D-amino acid

in almost the final orientation into the active site with respect to its amino function. The amino

group is then gripped by the carbonyl of Ser335 and hydrogen bonded to the active site position.

A second important aspect for the correct orientation of the substrate and an efficient

catalytic activity is the hydrophobic character of the active site binding pocket. It is energetically

more favourable for the substrate molecule to enter the funnel first with the hydrophobic part and

then with the hydrophilic carboxyl group. We can learn this from the way the competitive inhibitor

in Figure 26 is oriented. One can easily imagine that the substrate molecule slides in the prepared

orientation into the active site where it is precisely positioned upon formation of the strong

hydrogen bonds to Arg285 and Tyr223 with the carboxyl moiety of the substrate.

For pkDAAO Mattevi et al. (1996) proposed that an eleven amino acid long loop forms a

lid covering the active site cavity which switches from the observed “closed” conformation to an

“open” structure in order to allow substrate binding and product release. This hypothesis was

supported by two experimental observations: product release is the rate limiting step in the catalytic

reaction and, in the presence of bound inhibitor, this loop was protected from limited proteolysis.
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In the structure of RgDAAO a lid formed by a loop making large conformational changes is not

present. In insert A of Figure 19 the topological comparison of the covering lid shows that, the

corresponding loop in RgDAAO is remarkably shorter than in pkDAAO. As a consequence, the

active site of the yeast enzyme is more open, surface accessible and in contact with bulk solvent

Figure 26. Diffusion of anthranilate into the active site.
Surface representation performed with DINO (Phillipsen, 1999) illustrating the funnel to the
active site. One anthranilate molecule is bound into the active site (grey) whereas the second
(green) “migrates” with the correct orientation through the funnel into the active site.



CHAPTER IV                                                                                                                                              70

molecules. Nevertheless, for an effective reaction cycle the active site must be protected from

solvent access. In RgDAAO this must be managed in a different way.

The structures of RgDAAO complexed with anthranilate and D-alanine are illustrated in their

surface representation in Figure 27 and the conformational difference of Tyr238 can be seen. This

single residue can be proposed to work as a very small and fast lid compared to the long loop in

pkDAAO. The function of the lid in DAAO is to isolate the active site from solvent. During

substrate binding and fixation and product release, Tyr238 changes conformation from that found in

the D-alanine complex (closed form) to that of the anthranilate complex (open form). In the closed

form, Tyr238 contributes to substrate fixation and prevents effectively access of solvent molecules

to the active site. In the open form, the conformational change of the side chain of Tyr238 generates

a funnel (as illustrated by a surface map, Figure 26) which facilitates the correct positioning of the

substrate at the active site.

Figure 27: The open and closed form of RgDAAO.
Molecular surface of the RgDAAO complex (A) with anthranilate and in the same
orientation (B) D-alanine. Tyr238 in magenta undergoes an induced fit with a

conformational change in the Cβ position and turns as a lid from the open conformation
(A) to the closed conformation (B). In the closed conformation the channel is visible where

the substrate (right in the center of the figures in grey) can be released.
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Active site residues

In the past, the active site of RgDAAO was investigated both by specific chemical

modification studies and by replacing the native FAD cofactor with modified flavins as spectral

probes. As a consequence of these experiments, a number of residues were proposed to be in the

active site and to play an important role in catalysis (for a review see Curti et al., 1992).

The presence of Arg285, a residue conserved in all DAAOs and that corresponds to

Arg283 in pkDAAO, at the active site of RgDAAO was inferred by chemical modification studies

(Faotto et al., 1995). This residue is specifically labelled during a biphasic inactivation process of

the enzyme by phenylglyoxal. If benzoate, an effective inhibitor that binds to the active site of

RgDAAO, is added, Arg285 is completely protected by phenylglyoxal modification in the second

phase of inactivation.

In the primary sequence of RgDAAO six cysteine residues are present. In order to find

reactive thiol residues near the active site the reactivity of the enzyme with sulfhydryl chemical

modifiers and the reconstitution of the apoprotein with 8-methyl-sulfonyl-FAD was undertaken.

Cys208 was specifically labelled yielding an inactive and monomeric 8-cysteinyl-FAD

holoenzyme. The reconstitution of this covalent adduct was successful but resulted in a loss of the

catalytic activity (Pollegioni et al., 1997). From the structure we now know that all six cysteines are

located in a region above the active site not forming disulphide bridges. The residue specifically

labelled by the reagent is located on the protein surface and is approx. 14 Å far away from the C8

position of the FAD and the correct monomer conformation required for dimerisation was not

obtained. This was tested by analytical gelfiltration.

Modulation of the kinetic properties of RgDAAO

RgDAAO possesses a high catalytic efficiency that distinguishes it from the mammalian

DAAO and renders this flavoenzyme highly suitable for biotechnological applications (Pilone and

Pollegioni, 1998). The higher catalytic efficiency of RgDAAO, compared to the mammalian

enzyme, arises from a much higher rate of product dissociation from the reoxidized enzyme and

which is no longer the rate-limiting step. As mentioned above the rate of flavin reduction in

RgDAAO is 20100 min-1 and in pkDAAO it is 600 min-1 (Pollegioni et al., 1992). This large

difference is due to the lowered rate of product release from the reoxidised mammalian enzyme by

the loop of eleven amino acids (Figure 19: insert A) proposed to control the active site accessibility.

The swinging between the „close“ and an „open“ conformation (Mattevi et al., 1997) is the rate

limiting step in catalysis. As substrate binding and product release are the most time consuming
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steps in the catalytic cycle. Tyr224 located in this loop is close to the active site in pkDAAO and

sequesters it from water without interacting with the substrate. In contrast, in RgDAAO only

Tyr238 changes conformation during catalysis as seen in the complex with the competitive inhibitor

anthranilate, and helps to bind the substrate during catalysis. The corresponding loop between β-

sheets 8 and 9 (Figure 18 or19) is short and not directly involved in the reaction cycle.

When the active sites of the mammalian and the yeast enzyme are compared one observes

similar geometry and residues to enable substrate binding. Arg285 and Tyr223 (RgDAAO)

correspond to Arg283 and Tyr228 (pkDAAO) forming hydrogen bonds to the carboxyl moiety of

the substrate. In RgDAAO it is a carbonyl of Ser335 that interacts with the amino function while in

the mammalian enzyme it is the carbonyl of Gly313. The Wat72 held in position by residues Asp54

and Glu335 of the closed RgDAAO complexes is absent in the published pkDAAO structures. The

more efficient lid in RgDAAO discussed above and the keeping of a water molecule ready for the

imino group hydrolysation can account for the higher catalytic efficiency of the yeast DAAO

catalysis compared to pkDAAO.

RgDAAO has a broad substrate specificity, that does not depend on the volume of the side

chain. High catalytic efficiency, kcat/Km, is observed with D-phenylalanine, D-tryptophan, D-

norleucine and D-methionine. The catalytic efficiency also does not depend on the pKa of the α-

NH2 group: a small kcat/Km ratio is observed both with D-cysteine (pKa = 9.1) and with D-norvaline

(pKa is 10.6) and D-lactate with an even higher pKa reacts with RgDAAO. On the other hand the

activity with D-amino acids possessing small, charged or polar side chains is low. Charged

substrates with basic or acidic side chains are rather inactive. This can be rationalised by the three

dimensional structure of RgDAAO.

As detailed above, the substrate is tightly fixed in an orientation optimal for an efficient

hydride transfer by a specific net of hydrogen bonds. In this orientation the side chain of the

substrate points towards the hydrophobic binding pocket of the active site and effects mainly the

reaction specificity of RgDAAO. Bulky residues like tryptophane can be adopted, but polar residues

like serine or threonine and charged acidic residues like aspartate or glutamate do not find the

correct orientation for efficient hydride transfer, because of unfavourable free energy of interaction

with the hydrophobic pocket. Reactivity of positively charged side chains should depend on the pH.

At low pH these side chains are charged and do not bind efficiently while at high pH the residue get

a polar and thus can bind in the correct orientation for hydride transfer and reduction of the flavin.

Experiments to confirm this hypothesis are under way in the laboratory of Dr. Pollegioni in Italy.
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Conclusions

The structure of the yeast D-amino acid RgDAAO presented here was solved using the

method of molecular replacement. It is the second reported D-amino acid oxidase structure. The

high resolution of the crystallographic data and the variety of the small molecules bound into or

near the active site allows to draw detailed conclusion about the catalytic mechanism of an enzyme

that is under investigation since its discovery in the mid thirties.

Comparison of the three-dimensional structures of the mammalian and the yeast DAAO

uncover two main differences that largely affect their biological properties. First, the proposed

mode of dimerisation in the yeast enzyme is different from that of pkDAAO. A long loop is

responsible for a spherical dimer in solution. Due to the resulting larger contact area the protein is

more stable without catalysis being adversely affected. Second, there is no loop similar to the lid

that covers the active site in RgDAAO; rather the role of the lid appears to be played by Tyr238.

This amino acid leads in its open conformation the substrate into the active site. In the closed form

after a conformational change it fixes the substrate in the correct manner for the efficient hydride

transfer. The small size of the element acting as a lid could be the result of an evolutionary drive to

obtain higher catalytic efficiency. A further remarkable point is broad substrate specificity of the

RgDAAO. The active site pocket comprises a wide hydrophobic cavity where the side chain of the

substrate is located. Hydrophobic, large aromatic and even polar D-amino acids can be oxidised

with high efficiency. All these observation lead to the conclusion that the function of DAAO in

mammalian organisms is different than in yeast. In Rhodotorula gracilis DAAO is most favorably

involved in metabolic processes, where high catalytic efficiency, stability and a broad substrate

specificity may be desired. On the other hand the mammalian DAAO probably is involved in

processes regulating signal transduction (Wolosker et al., 1999) and therefore differs in its catalytic

behavior.
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Materials and Methods

Protein preparation, crystallisation

Wild-type RgDAAO was expressed and purified in E.coli using the recently developed pT7-

DAAO expression system in BL21(DE3) pLysS E. coli cells, as described previously (Molla et al.,

1998). The prepared sample was concentrated to 10 mg/ml and equilibrated in 20 mM HEPES

buffer at pH 7.5 by gel permeation chromatography on a Sephadex G-25 (PD10) column. The

dynamic light scattering analysis was performed with a model DynaPro 801 (Protein Solutions,

Ltd.) instrument. Crystals were grown at 20°C in 8 µl hanging drops by vapour diffusion. The drops

initially contained 5 mg / ml protein, in 60 mM HEPES, pH 7.6, 7 % polyethylene glycol (PEG) 10

000 and 100 mM ammonium sulphate. The reservoir (800 µl) contained the same buffer solution (at

double concentration) without protein. Crystals grew within 5 days to overall dimensions of 350 x

350 x 150 µm.

Crystal soaking, data collection and reduction

The dataset of the RgDAAO-anthranilate complex was collected under cryogenic

conditions. Prior to flash freezing the crystals were transferred via a capillary into the cryo-

protectant solution, consisting of the reservoir solution and 20 % glycerol as cryo-protectant. In

order to obtain the RgDAAO-ligand complex, a sufficient concentration of 40 mM of anthranylate

was added to the cryosolution. For the complex with anthranilate, 30 mM of the competitive

inhibitor was added to the cryo protection solution, and the crystals changed their colour from

yellow to reddish. Data collection was performed on a rotating anode source (Schneider, Offenburg,

Germany) using the MAR345 image plate system. Space group determination and data reduction

was carried out in XDS (Kabsch, 1988). The crystals belong to the tetragonal space group I422,

with one molecule per asymmetric unit, a Matthews (1968) coefficient of 3.18 Å / Dalton, and a

solvent content of 61% as found in the previously described RgDAAO crystal complexes.

Molecular replacement and refinement

The structure of the anthranilate dataset was solved by molecular replacement using CNS

(Brünger et al., 1998). The was the 1.2 Å resolution structure of RgDAAO was used as a search

model. In the model the cofactor flavin was included and the active site D-alanin was omitted. After
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rigid body refinement and a few cycles of energy minimisation difference electron density least the

active site bound anthranilate was observed. And it was evident that the Tyr238 in its orientation is

not in agreement with the electron density. After a cycle of simulated annealing with a high starting

temperature (5000 K) this tyrosine was in the correct orientation and the two anthranilate molecules

could be modelled with satisfaction into the electron density using the program O (Jones et al.,

1991). Further refinement was carried out with the program CNS (Brünger et al., 1998) using

several cycles of the standard protocols of conjugate gradient minimisation and isotropic

temperature factor refinement. Water molecules were introduced at peaks above 3.0 σ in the (Fobs -

Fcalc) electron density map that remained above 1.0 σ (2Fobs - Fcalc) map after refinement. Only

water molecules with at least one hydrogen bond to the polypeptide were accepted.

Table 4: Crystallographic Data and Structure Solution.
Parentheses denote the highest shell. Rmrgd-F = Σ | AIh, P - AIh, Q | / ( 0.5 * Σ AIh, Q

 + AIh, P
 ), with A are

pseudo-amplitudes, where even negative reflections contribute to the overall Rmrgd-F, and Ih, P or Ih, Q

are two subsets of randomly assigned observations (Diederichs & Karplus, 1997).

Diffraction data anthranilate Final refinement statistic

Redox state of flavin oxidized Resolution limits 100 - 1.9

Wavelength (Å) 1.5418 Final R factor / R free (%) 20.5 / 24.8

Cell axes (Å) a = b = 120.8
c = 136.8

No. Of protein atoms 2799

Observed reflections 193 503 Solvent molecules

Unique reflections 75551 Full occupancy 254

Completeness (%) 99.0 (99.8) Half occupancy 118

Rmrgd-F 13.8 (28.7) Cofactor FAD

I / Sigma 5.3 (1.9) Inhibitor Two anthranilate

Model rms

deviations from ideality§

    Bond lengths (Å) 0.018

    Bond angles (°) 3.21

§ Calculations performed with SHELXPRO (Sheldrick & Schneider, 1997)
*For the disordered residues, only the major component atoms were considered.
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The refinement was continued with SHELXL (Sheldrick & Schneider, 1997) using

the same test set of 5% reflections for calculating Rfree (Brünger, 1992) for all the structure files.

The restraints were set in accordance with the resolution of the data and continuos check of the

stereochemical quality of the structures was done with PROCHECK (Laskowski et al., 1993). For

details of data collection statistics and refinement see Table 4.

The Figures showing the structure were produced with the programs MOLSCRIPT (Kraulis,

1991) and Raster3D (Meritt & Murphy, 1994). The surface maps were performed with the program

DINO (Philippsen, 1999) and the interactions of the cofactor FAD with the protein core was done

with ISIS/DRAW.

Coordinates

The coordinates and structure factors of the anthranilate structure are deposited in the Protein

Data Bank under 1c0i.
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CHAPTER V

The three-dimensional X-ray structure of nine heme cytochrome c of the sulfate

reducing bacteria Desulfovibrio desulfuricans Essex 6 at 1.89 Å resolution

Abstract

The crystal structure of a soluble nine heme cytochrome c from Desulfovibrio desulfuricans

Essex 6 was solved using the multiple wavelength anomalous dispersion (MAD) phasing method.

Refinement has been carried out to a resolution of 1.89 Å with anisotropic temperature factors for

the ion and sulfur atoms in the model. Two tetraheme cytochrome like domains with typical four

heme clusters flank an extra heme buried under the protein surface. This heme is held in position by

loop extensions in the each of the domains. Obviously, divergent evolution has allowed the domains

to develop optimally for interaction with their redox partners. The gene for this periplasmic electron

carrier protein is located at a position corresponding to the open reading frame of the high

molecular weight cytochrome c in Desulfovibrio vulgaris Hildenborough and shows high sequence

homology to the N-terminal amino acid residues 260-545 of this enzyme. The physiological

function of nine heme cytochrome c is to accept electrons directly from the periplasmic

hydrogenase and deliver these to the cytoplasmic membrane bound complex for electron transfer

into the cytosol. This is supported by in vitro experiments Fritz (1999) and the three dimensional

structure presented here.



CHAPTER V                                                                                                                                               78

Introduction

Anaerobic sulfate-reducing bacteria such as Desulfovibrio sp. can grow with sulfate and

hydrogen as sole energy source (LeGall and Fauque, 1988). For sulfate respiration, eight pairs of

electrons are required to reduce sulfate to hydrogen sulfide. Reduction takes place in the cytosol

whereas in the periplasm hydrogen is oxidized. For the separation of these redox reactions a

complex system of electron transfer proteins is necessary. In Figure 28 the redox reaction is

indicated.

periplasm Oxidation:     4H2   ->   8H+   +   8e-

cytosol Reduction:     H2SO4   +   8H+   +8e-   ->   H2S   +   4H2O

energy Redox reaction    4H2   +   H2SO4   ->   H2S   +   4H2O    ∆G°= -171.5 kJ/mol

Figure 28: Reaction scheme of sulfate reduction

The periplasmic electron transfer chain comprises a large variety of c-type cytochromes

including monoheme cytochrome c553 (Mr 9 kDa), the structure of which was recently solved by

NMR (Blackledge et al., 1995). A group of multiheme cytochromes has been identified and in some

cases structurally analyzed. The structures of tetraheme cytochrome c3 ((Higushi et al., 1984;

Matias et al., 1993; Czjzek et al., 1994; Morais et al., 1995; Matias et al., 1996; Norager et al.,

1999; Einsle et al., 1999), herein referred as c3, Mr 14 kDa) and octaheme cytochrome c3 ((Czjzek et

al., 1996) a non covalent dimer of two c3 molecules Mr 26 kDa) are known. A sixteen heme groups

containing high-molecular-mass cytochrome (referred to as hmc Mr 67 kDa) was also identified

(Higuchi et al., 1987; Pollok et al., 1991; Chen et al., 1994). Typically for c-type cytochromes the

heme group is covalently bound to the polypeptide chain by two thioether bonds through cysteine

residues. In the monoheme cytochrome c553 the heme iron has one methionine histidine

coordination, whereas in the multiheme cytochromes the hemes are coordinated by two histidines.

This is a well conserved structural motif and can be recognized in the primary structure as Cys-X-

X-(X-X)-Cys-His. The presence of a signal peptide in the primary structure, deduced from the

nucleotide sequence of all c-type cytochromes in Desulfovibrio sp., indicates that these proteins are

localized in the periplasmic space where they function as electron carriers (LeGall et al., 1994).

Tetraheme cytochromes c3 are considered to be the redox partners of the periplasmic

hydrogenases. Kinetic measurements have shown that c3 are reduced at high rate in the presence of
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molecular hydrogen and hydrogenase (Haladjian et al., 1987; Nivière et al., 1991). But it was also

shown that other cytochromes such as the octaheme cytochrome c3 in Desulfomicrobium

norvegicum (Haladjian et al., 1991) have the same properties with respect to hydrogenases.

In Desulfovibrio vulgaris Hildenborough the hmc operon of a transmembrane redox

complex was identified (Rossi et al., 1993) and it was shown that the primary function of this

complex is to channel electrons through the cytoplasmic membrane (Keon et al., 1997). The operon

consists of six open reading frames (hmcA to hmcF) with hmcA encoding hmc with 16 c-type

hemes. The heme arrangement in this molecule is proposed to be similar to that in c3. The function

of hmc is the transfer of electrons to the integral membrane complex. It is unclear if for electron

uptake hmc directly interacts with periplasmic hydrogenase or with c3 in the periplasm.

Very recently a nine heme groups containing cytochrome c (herein referred to as Nhc)

previously described as having 12 (Coelho et al., 1996) hemes was isolated from cells of

Desulfovibrio desulfuricans ATCC 27774 (DdA) and the three dimensional structure was reported

at 1.8 Å resolution (Matias et al., 1998). Later 10% of the primary sequence determined by

crystallography was corrected by polymerase chain reaction control (Matias et al., 1999). Fritz et al.

(1999) reported the primary structure of Nhc from Desulfovibrio desulfuricans Essex 6 (referred to

as DdE) and tested the reactivity towards hydrogenase. In contrast to Matias et al. (Coelho et al.

1996) Nhc from DdE was found to be reduced at high rates by the [NiFe] hydrogenase of the same

organism. The analysis of the downstream sequence of the gene encoding Nhc from DdE showed

that it is embedded in the operon corresponding to the gene encoding hmc in Desulfovibrio vulgaris

Hildenborough.

Nhc from DdE was purified from both soluble and membrane fractions. Suitable crystals for

X-ray structure determination were grown from the soluble fraction using the hanging-drop vapor-

diffusion method. As part of this doctoral work, the three dimensional structure of this protein using

the multiple wavelength anomalous dispersion (MAD) phasing method for structure determination

and its refinement to 1.89 Å resolution. The structure appears to have two domains with high

structural homology to c3 connected with a nine amino acid elongated loop and α-helical segments

to stabilize this connecting loop. In the center of the protein an extra heme is coordinated by

extensions of the N- and C-terminal domains.
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Results and Discussion

Overall Structure

One molecule is found in the asymmetric unit cell of the space group P41212. This is

consistent with the fact that isolated Nhc is a monomer in solution judged by size exclusion

chromatography and dynamic light scattering. The model consists of 289 amino acid residues and

nine heme groups. For three amino acid residues located at the N-terminus, recognized by Edman

sequencing, no clear electron density was observed. Nhc has an elliptical shape with a length of

approximately 80 Å and a diameter of 30 Å.

Figure 29. The overall structure of nine-heme cytochrome c.
The c3-like domains at the N- and C-terminus are colored in blue and red, respectively.
In green the covalent connection with an elongated loop between the domains is shown.
The additional ninth heme in yellow is held in position by extensions of the domains

illustrated by darker red and blue.
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The molecule consists of two c3 like domains. One is positioned at the N-terminus and the

other at the C-terminus. The two domains covalently connected by a loop of nine amino acids. The

connection is stabilized by a long and a short α-helix. The stabilizing character is expressed by

extensive interactions of the 13 amino acid long α-helix with the N-terminal tetraheme like domain

(Figure 29).

Figure 30. The c-type binding of the ninth heme in the center of the molecule.
Model of the central heme and its links to the protein with superimposed electron density

map (shown in green) at 1.89 Å resolution. The 2Fobs- Fcalc map is shown at 3 δ and was

calculated with SHELXL (Sheldrick & Schneider, 1997).
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In the center of the two domains an additional heme is located. Two cysteine residues

(Cys111 and Cys114) form thioether bonds to the unsymmetrical heme and His115 is one ligand of

the heme iron atom. These residues are part of an extension in the N-terminal domain. A second

histidine residue (His218) located on a prolongation of the C-terminal domain completes the bis-

histidine coordination. In Figure 30 a close up view of this heme group is shown. The unique

structural arrangement emphasizes the connecting role of the additional heme.

As is characteristic for c-type cytochromes, the heme groups in the tetraheme like domains

are all covalently linked by two thioether bonds of cysteine residues and all heme ion atoms are bis-

histidine coordinated. The polypeptide chain wraps around the prosthetic groups and defines the

four heme cluster arrangement found in c3 structures. Although all heme groups share the same

structural properties concerning their thioether bondage to the protein and heme iron coordination,

the additional heme is exceptional.

Heme arrangement

The hemes are placed as one would expect from the overall structure of the molecule. The

central heme is flanked by two clusters of four hemes with an arrangement found in tetraheme

cytochrome c3. The heme groups in Nhc are numbered according to their order of bonding to the

polypeptide chain through thioether bonds. According to this the clusters involve heme I, II, III, V

at the N-terminus and heme VI, VII, VIII, IX in the C-terminal domain. The additional heme group

(heme IV) is located in between (Figure 31).

It is possible to superimpose the two four heme clusters and the root mean square deviation

is estimated to a value of 0.5 (Å). This is consistent with the observations of Norager et al. (1999).

They recently reported that for all published c3 structures they find a root mean square deviation of

0.4 for the four heme clusters although the sequence homology may be as low as 26%. The

similarity in the heme arrangement of the two domains is also reflected in the ion to ion distances

given in Table 5.

According to the iron-iron distances the central heme group is located closer to the N-

terminal heme cluster (heme IV/V, 13.7 Å) than to the C-terminal cluster (heme IV/VI, 16.7 Å and

heme IV/IX, 16.7 Å). However with regard to the porphyrin edge-to-edge distances heme IV is

closer to the C-terminal heme cluster (heme IV/VI, 5.3 Å) than to the N-terminal cluster (heme
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IV/V, 7.5 Å). From these figures it is hard to judge which of the domains interacts more strongly

with the central heme IV with respect to functional electron transfer.

Another striking feature is the arrangement of the hemes III, IV and VI. These three

porphyrin rings are oriented in one plane, probably a preferred orientation for fast electron transfer.

Furthermore, if surface accessibility is calculated one finds that the hemes located in the tetraheme

like domains are water accessible whereas the central heme IV is totally within the protein (Figure

Figure 31. The heme orientation.
The numbering of the hemes follows their covalent linkage with the backbone of Nhc via
cysteines. The N-terminal four heme cluster is colored blue, while the C-terminal is shown

in red. Typical distances in Å of the iron centers are indicated.
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32). Heme IV seems not only to connect the two domains structurally but also enables an efficient

transport of electrons through the molecule from one domain to the other. The additional heme

resembles an electron wire from one end to the other. These structural features demonstrate that

Nhc is not just a simple duplication of c3. It represents a new kind of multiheme protein with

different characteristics, but similar basic architecture.

Figure 32. Surface representation
In order to illustrate the different characters of the hemes in the c3-like domains compared
to heme IV with respect to their water accessibility this kind of surface representation was
chosen. The heme in yellow has no access to the solvent and is buried under the protein

surface whereas the hemes in red and blue are in contact with the surface.
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Ion-ion distances of the heme groups in nine heme cytochrome c

heme I (IX) heme II (VII) heme III (VIII) heme V (VI)

heme I (IX) -

heme II (VII) 12.5 (12.4) -

heme III (VIII) 17.7 (17.4) 15.2 (16.1) -

heme V (VI) 1.3 (12.0) 5.9 (16.6) 12.2 (12.1) -

heme IV 24.6 16.3 26.3 17.7 18.3 25.8 13.7 16.7

Table 5: Fe-distances between the hemes.
The Fe-Fe distances in the N-terminal heme group cluster: I, II, III, V and the C- terminal heme
group cluster denoted in parenthesis VI, VII, VIII, IX and the distances to all ion centers from heme
IV are given. Distances outside the heme clusters are not indicated. For clarity, the order in which
distances are given corresponds to the way the heme clusters are best superimposed.

Topological comparison of nine heme cytochrome with tetraheme cytochrome c3

The secondary structure topologies for Nhc and c3 (Einsle et al., in preparation) from the

same organism DdE are illustrated in Figure 33. This enables a comparison of the two domains not

only with each other but also with tetraheme cytochrome c3. As mentioned above, the orientation of

the hemes does not deviate strongly although the sequence homology can be very low. As a result,

the conserved topology within all three cases refers only to the short anti parallel β-sheets, followed

by the α-helix and a long loop of approximately 33 amino acids.

Differences between c3 and the more homologous N-terminal domain of Nhc are that the

separated helices A and B in the N-terminal domain are one (helix A). Also an insertion of two α-

helices D and E share the coordination of heme IV and an addition of 10 and 6 amino acids in loop1

and loop4 are found.

The topological homology between c3 and the C-terminal domain is less clear. In loop1

additional amino acids are inserted. Helix I is made up of helix A and B in c3. Loop4 is not present

in this domain and helices C and D of c3 are fused to form helix L in Nhc. The final helix E found
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in c3 is not present in Nhc at all. As in the N-terminal domain an insertion that helps to coordinate

heme IV is found.

It is interesting how nature managed to keep the four heme cluster arrangement conserved

and enabled by insertions at different positions the binding of the additional heme IV in the center

of Nhc. It seems to be the case that the orientation of the two domains with respect to each other is

important. In order to connect the end of the polypeptide chain of the N-terminal domain with the

beginning of the C-terminal domain a loop-insert of approximately 25 amino acids is required. The

helices G and H at the ends of the elongated loop might function to stabilize this covalent

connection.

Figure 33. Topology diagrams of Nhc and c3 from Desulfovibrio desulfuricans Essex 6
In A is the topology diagram of Nhc and in B that of c3 is depicted. Lines represent loop

regions, arrows correspond to β-sheets and α-helices are depicted as boxes. The length of
the symbols corresponds with the number of amino acids. The helices and the strands are
labeled in alphabetical order and increasing numbers, respectively. In A, the domains, the
connecting loop and the regions interacting with heme IV are marked by boxes. The amino
acids directly involved in the heme IV coordination are indicated.
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Superimposition of the tetraheme like domains

In addition to the topological comparison, the superimposition of the two domains in Nhc

illustrates better the consequences concerning the three dimensional appearance of the structure.

With the program SUPERIMOSE (Diederichs, 1995), the Cα-positions of the N-terminal (residues

10-132) and the C-terminal domain (residues 177-287) were overlaid using a six-dimensional

search algorithm. Tetraheme cytochrome c3 in Figure 34 is shown in the same orientation as the

superimposed domains. The overall arrangement of the secondary structure are quite similar despite

large topological differences.

In order to examine the basis for the conserved orientation of the heme clusters, a multiple

alignment of the three superimposed polypeptides was performed with the program MAPS (Lu,

1998). The program detects structural equivalent residues and provides a residue to residue

alignment. Structurally equivalent residues are defined according to the approximate position of

Figure 34. Comparison of c3 with the superimposed domains of Nhc

Cα-traces were superimposed with the program SUPERIMPOSE (Diederichs, 1995). For
reasons of clarity only the Nhc domains are superimposed and c3 is depicted in the same
orientation at the left part of the figure. The focus is on the loop regions that are numbered
according to their appearance within the sequence. The colors are equivalent to Figure 29

and the labels correspond to Figure 33 .
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both main chain and side chain atoms. The conserved amino acids responsible for binding the

prosthetic heme groups are detected as structurally equivalent residues and superimpose with root

mean square distance of 0.6 Å for all atoms which is slightly higher than that found for the hemes

themselves. On the other hand the rmsd value for the superimposition of the entire polypeptide

chains is between 1.3 and 1.4 Å for all three possible cases.

The core of the domains with the heme binding is not strongly affected by the topological

alterations. The relatively high value of 1.4 Å root mean square distance in the superimposition

originates from differences in residues forming the loop regions. The most notable differences are

in the extensions enabling the binding of heme IV at two different regions by the two domains.

Furthermore, the extensions in loop1 and the deletion of loop4 in the C-terminal domain plus the

additional amino acids in loop4 in the N-terminal domain obviously contribute to the relatively high

rmsd value.

Figure 35. The C-terminal domain with extended loops 1 and 4.
Surface representation of the N-terminal domain. The significantly longer loops compared
with c3 are colored green and red. Their exposure to the solvent is notable and they may
serve to provide an increased surface for interaction with the physiological redox partner.
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Loop insertions in the N-terminal domain

Figure 34 and 35 show the conspicuous loop1 and loop4 insertions in the N-terminal

domain. Obviously they increase the surface area of this domain significantly as can be seen in

Figure 35. Inspection of symmetry related molecules indicates that the bulbs-like protrusions

formed by loop1 and loop4 are not involved in any crystal contacts but extend into solvent. The

amino acids of these loops are mainly polar with long side-chains such as lysine or glutamate. The

physiological role may be to enlarge the docking area with the reaction partner. This is most

probably the cytoplasmic membrane bound redox protein complex that is proposed to function as an

electron channel (Keon et al., 1997).

Electrostatic surface potential of the C-terminal domain

Figure 36. Charge distribution at the surface of c3 and Nhc
Surface representation of c3 (A) and Nhc (B). Blue corresponds to positive charge, while
red indicates negative charges. Two positive charged patches are found in c3 and Nhc that
might interact with hydrogenase for electron transfer. C3 and the C-terminal domain of Nhc
are shown in equivalent orientations. In the center of the blue areas heme III in c3 (A) and

heme VIII (B) in Nhc is situated (no extra color).
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Surface potentials of c3 and Nhc were calculated using the program MOLMOL (Koradi et

al., 1996). Like most c3 structures solved to date there is a patch of positively charged lysine

residues around heme IV (Norager et al., 1999). From kinetic studies on c3 with their oxido-

reduction partners, hydrogenase or flavodoxin (Yagi, 1984; Nivière et al., 1988; Bianco et al., 1992;

Moreno et al., 1993; DeFrancesco et al., 1994), it was concluded that electron transfer between

redox proteins occurs through the transient formation of a complex followed by the fast transfer of

electrons. Complex formation is thought to be induced by electrostatic interactions. The crystal

structure of hydrogenase reveals a negatively charged surface area around the histidine coordinating

the distal [4Fe-4S] which is thought to transfer the electrons liberated in hydrogen oxidation

(Vollbeda et al., 1995). Hence it was proposed that the positively charged patch in c3 is involved in

the recognition of hydrogenase.

Since the c3 and Nhc couple to the NiFe hydrogenase in Desulfovibrio desulfuricans Essex 6

with similar affinity and exhibit similar reduction rates as shown by Fritz et al. (in preparation), the

environment of the heme groups in Nhc was examined with respect to its surface charge distribution

which differs in the two domains. In the N-terminal domain no positively charged patch surrounds

any of the surface exposed hemes whereas heme VIII, located in the C-terminal domain, is

encircled by lysine and arginine residues. This large positively charged surface is probably

accessible to large molecules such as hydrogenase (Figure 36B). On the basis of these observations

we propose that heme VIII corresponds to heme III in c3 and is the acceptor for electrons from

hydrogenase.

Conformational change of the reduced protein

Upon reduction of Nhc drastic changes in surface charge and the macroscopic behavior of

the protein were observed. Firstly, the isoelectric point of Nhc drops from 8.2 for the oxidized

protein to 5.0 for the reduced that is the overall surface charge of the protein gets more positive.

Secondly, when crystals grown in the presence of oxygen were transferred to stabilizing solution

and reduced with 0.5 mM sodium dithionite. They cracked and the color changed from dark red to

magenta indicating that the enzyme was reduced. Thirdly, the hydrodynamic radius of reduced Nhc

is enlarged in comparison to the oxidized protein as determined by size exclusion chromatography

indicating a conformational transition. Dynamic light scattering experiments of the reduced enzyme

failed because the reducing agents disturbed the measurement. No reliable hydrodynamic radius
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could be estimated. These macroscopic observations led to the hypothesis of a redox dependent

conformational transition in Nhc.

Conformational change is most likely in the connection between the two rigid c3-like

domains. The elongated loop connecting the two domains exhibits temperature factors significantly

higher than the reminder of the peptide chain, an indication for its flexibility. A further, more rigid

connection between the two domains is represented by their joint coordination of heme IV with

strong van-der-Waals contacts to the central prosthetic group. The strong interaction of the

polypeptide chain with heme IV make it very unlikely that the bis-histidine coordination or the

covalent linkage to the cysteines is significantly affected by conformational change upon reduction.

Figure 37. The proposed hinge.
An hinge formed by two helices interacting hydrophobically is the most probable region
were the two c3-like domains can move against each other in order to effect a
conformational change upon reduction of the enzyme.
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These considerations lead us to predict a hinge in the center of the molecule. This hinge is

formed by the α-helix L of the C-terminal domain and the α-helix D of the heme IV binding

extension in the N-terminal domain which are opposed to each other. The gap within the hinge is

approx. 5 Å, a distance where hydrophobic interaction is possible (Figure 36). No hydrogen bonds

that could disturb a gliding movement of the two helices against each other are found. The driving

force for such a conformational change where the domains move against each other might originate

from the protonation of propionates in heme groups or charged residues resulting in an altered

hydrogen bonding pattern.

From a physiological point of view, such a conformational change upon reduction is

reasonable. The different conformations of the oxidized and reduced forms might correspond to

different affinities of the two forms for the membrane protein complex. This might in turn mediate

an efficient release of Nhc from the complex upon electron transfer. Attempts to verify this

hypothesis are under way by solving the structure of the reduced enzyme. Already small crystals

under reducing condition have already been obtained by D. Griesshaber in the group of Prof. P.

Kroneck. The color of the crystals indicate that Nhc is in the reduced state. Crystallographic data

were collected under cryo conditions, processed and the space group was determined to P31

different to that found for the oxidized form. This is a first indication for a conformational

transition, but further investigation is necessary for the entire verification.

Conclusions

Nine heme cytochrome c is a member of the cytochrome c type-III family as suggested by

Ambler (1991) and the three dimensional structure presented here combines known structural

features of c3 with new ones. It was reported that Nhc consists of twelve hemes and three c3-like

domains (Coelho et al., 1996). Following independent structure solution by Matias et al. (1998) and

us of Nhc from two strains of Desulfovibrio desulfuricans , the enzyme appears to consist of nine

hemes and two c3-like domains. The location of the additional heme between the two c3-like

domains is novel and thus inspires the prediction of not yet known three dimensional structures of

this protein family with available sequence data.

Nhc is most probably a product of gene duplication of c3. The domains of Nhc have

developed divergently during evolution in order to optimize the interaction with their redox

partners. The N-terminal domain is specialized for electron uptake from hydrogenase and the
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additional loops in the C-terminal domain make the interaction with the cytoplasmic electron

transporter optimal.

In a current model for hmc is four c3-like domains with sixteen hemes and 31 histidines are

arranged. Fifteen prosthetic groups are postulated to be bis-histidine coordinated with one

methionine-histidine coordination. The genes of Nhc of the two Desulfovibrio desulfuricans strains

(Fritz et al., 1999; Coelho et al., 1996) are found in the same open reading frame as hmc of

Desulfovibrio vulgaris Hildenborough (Keon et al., 1997). The high sequence identity of approx.

42% between the N-terminal part (259- 545) of hmc and the primary sequence of Nhc Desulfovibrio

desulfuricans Essex 6 leads to structural predictions for hmc different from the above mentioned

model. hmc could well consist of three c3-like domains with two or three heme groups located in

the center held in position by extensions in the domains buried under the protein surface as in Nhc.

The buried hemes could allow a fast transfer of electrons between the domains as in Nhc. Each

domain may then be optimized to interact with a different redox partner.

The proposed conformational change of Nhc upon electron uptake can explain the

phenomenon observed upon a change in the redox state but the structure analysis of the reduced

enzyme is not complete. This analysis may enable further structural insights for electron carriers

and redox proteins in general. There is also a large potential for physiological implications. Small

crystals of reduced Nhc are available in the laboratory of Prof. P Kroneck, the data are collected and

we hope to address these points soon.
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Materials and methods

Protein Purification

Nhc was obtained from the soluble fraction of Desulfovibrio desulfuricans Essex 6 as

described elsewhere (Fritz 1999). The purified protein was concentrated to 8mg ml-1 by

ultrafiltration (Amicon) with 30 kDa molecular mass cutoff and dialyzed against 10 mM Tris- HCl

buffer (pH 7.5).

Crystallization and establishment of cryo-conditions

Crystals of Nhc were grown by the hanging-drop vapor-diffusion method. Each drop

contained 4 µl of protein solution (8 mg ml-1) and 4 µl of a solution containing 15% (w/v)

polyethylene glycol 6000 and 100mM HEPES-NaOH, pH 7.5. Drops were equilibrated against 700

µl of the latter solution at 18° C. Crystals grew in the tetragonal space group P41212 within three

weeks to their largest size (150 x 150 x 400 µm³). The unit cell dimensions were refined to a = b =

55.45 Å, c = 236.9 Å during data processing. There is one molecule per asymmetric unit,

corresponding to a Matthews coefficient of 2.44 Å3 / Dalton, and a calculated solvent content of 49

% (Matthews, 1968).

For determination of the three-dimensional structure of Nhc the multiple anomalous

wavelength dispersion MAD (Hendrickson, 1991) phasing method was employed using the Fe

atoms of the heme groups as anomalous scatterers. The data were measured from flash frozen

crystals in order to minimize radiation damage during exposure to synchrotron radiation. The best

results were obtained after adding 20% (v/v) glycerol as cryoprotectant to the crystal solution (17%

(w/v) PEG 8000, 100mM HEPES-NaOH, pH 7.5). The crystals were transferred with a capillary

from the mother solution into the stabilizing cryoprotectant solution. After incubating for

approximately one minute they were fetched with a loop from Hampton research and flash frozen in

liquid nitrogen. The mosaicity of the crystals did not increase after freezing when compared to the

values (0.3°) at room temperature.

Data collection and processing

For MAD four datasets were measured near the Fe absorption edge from one frozen crystal

(dimensions 100 x 100 x 300 µm³) on a CCD4 detector system on BW6 DESY, Hamburg. The

wavelength for data collection were adjusted according to an X-ray fluorescence scan. The
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following wavelengths were selected: l1 = 1.7322 Å peak, l2 = 1.7345 Å, point of inflection and two

remote wavelengths l3 = 1.7450 Å (low) and l4 = 1.0700 Å (high). The high resolution data set was

collected at the wavelength l = 0.8345 Å in two passes from one frozen crystal with dimensions 150

x 150 x 400 µm³ at BW7B DESY, Hamburg, using a MAR Research 345 imaging plate system. In

the first pass data were collected to a resolution of 1.89 Å and in the second pass at lower resolution

(3.5 Å) reflections with overload were measured. All datasets were reduced with XDS and scaled

with XSCALE (Kabsch, 1988). Data collection and processing statistic are summarized in Table 6.

diffraction data and phase refinement statistics

MAD

High

Resolution

Peak Point of

Inflection

Remote Low Remote

High

Wavelength [Å] l=0.8345 l1=1.7322 l2=1.7345 l3=1.7450 l4=1.070

Resolution [Å] 30 - 1.89 30 – 2.6 30 - 2.6 30 -2.6 30 - 2.6

No. Observations 101 894 95 089 77 753 52 379 97 154

No. of unique 27 269 11 960 11 848 11 853 11 762

Completeness (%) 87.9 (80.6) 99.5 (100) 98.9 (99.6) 98.9 (99.6) 98.4 (99.8)

Rsym (%) 7.9 (18.4) 8.4 (17.5) 4.4 (8.4) 5.6 (15.8) 3.3 (6.5)

Ranom (%) - 7.6 (10.7) 3.4 (5.7) 3.8 (8.8) 3.2 (5.1)

I / Sigma 9.7 (3.4) 8.8 (4.4) 17.6 (8.4) 14.3 (5.6) 24.0 (12.4)

phasing power statistic

acentric - 0.81 6.08 5.61 -

anomal - 4.43 3.12 0.93 1.98

Figure of Merit° - centric 0.808 Acentric 0.718

Table 6: Statistic of the raw data and phase refinement.
Rsym = Σh Σi |Ih, i - <Ih>| / Σh Σi Ih, i, where <Ih> is the mean intensity of all observations of the
reflection h. Values in parentheses denote the highest resolution shell: 1.98 Å - 1.89 Å for high
resolution data and 2.7 Å - 2.6 Å for the MAD data. Calculated with SHARP (De LaFortelle &
Bricogne, 1997).
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Structure determination, model building and refinement

The nine Fe sites were located with SOLVE (Terwilliger and Berendzen, 1997) yielding an

overall z score value of 43.9, an internal quality factor of the program and initial MAD phases. The

Fe sites from the SOLVE output were refined with SHARP (De La Fortelle and Bricogne, 1997)

followed by a solvent flattening procedure with 40 % solvent content with SOLOMON (Abrahams

and Leslie, 1996; CCP4). The solvent flattened electron density map at 2.6 Å was of good quality

(overall figure of merit of 0.82). For details of the phase refinement statistic consider table 7.

Final refinement statistic of the high resolution data measured at BW7B at

DESY

Resolution limits [Å] 30-1.89

Final R-factor / Rfree (%) 18.2 / 20.4

No. of protein atoms 2188

No. of atoms in nine heme groups 387

Fully occupied water molecules 265

Half occupied water molecules 160

Ligand Glycerol

Anisotropic B factor refinement 9 Fe, 28 S

Model r.m.s deviations from ideality§

        Bond lengths (Å) 0.01

        Bond angles (°) 2.38

Table 7: Final refinement statistic.
§ Calculations were performed with SHELXPRO (Sheldrick & Schneider, 1997)

The MAD map was used for model building with the program O (Jones et al., 1991). Firstly,

the Fe atoms with the nine heme groups were placed and then the protein model was built. All 289

amino acids were modeled following the determined sequence (Fritz et al., 1999). No electron

density was observed for three amino acid residues at the N-terminus. This model was then refined

against the high resolution data with CNS (Brünger et al., 1998). After rigid body refinement the

initial values for R and Rfree (Brünger, 1992) were 46.6 % and 50.1 %, respectively. For the test set

5 % of the reflections were randomly chosen in the 30-1.89 Å resolution range. The standard

protocol for simulated annealing at 3500 K, energy minimization and restrained B factor refinement
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as implemented in CNS were used for refinement against the full resolution data. The refinement

with CNS lead to an R factor of 21.6 % (Rfree = 23.3 %) after including water molecules and one

glycerol molecule that most probably was bound during cryoprotection. Further refinement was

carried out with SHELXL (Sheldrick & Schneider, 1997) on F0
2 using the same test set of

reflections as used in CNS. Additional water molecules were picked in SHELXL. Water molecules

with an B factor higher than 70 Å² were refined at half occupancy. Considering all heme Fe atoms

and sulfur atoms of methionine and cysteine residues anisotropical for B factor refinement resulted

in a significant drop of the R factor. See the final refinement statistic in Table 7.

Dynamic light scattering

In order to estimate the state of aggregation in solution dynamic light scattering experiments

were conducted on a „DynaPro 801“ photometer from Protein Solutions. The detector is oriented at

90° relative to the to the excitation beam with a wavelength of 900 Å. The samples were passed

through a 20-nm filter and measured immediately.
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