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X)   1. Zusammenfassung 

X) 1. ZUSAMMENFASSUNG 

Diese Doktorarbeit gliedert sich in zwei Abschnitte, welche beide die strukturelle 

Charakterisierung von Makromolekülen mittels Röntgenkristallographie beinhalten. Abschnitt 

I befasst sich mit dem lysosomalen 66.3 kDa Protein aus Maus, dessen zelluläre Funktion 

bislang nicht bekannt ist. In diesem Zusammenhang sind die erweiterte Anwendung zur 

Verfügung stehender kristallographischer Methoden sowie die anschließende Analyse der 

Struktur des 66.3 kDa Proteins beschrieben. Im Gegensatz dazu ist im zweiten Teil das 

bakterielle DNA-Reparatur-Enzym Mth0212 dargestellt. Der Fokus liegt auf der detaillierten 

Strukturanalyse des Proteins in seiner Apo-Form sowie im Komplex mit verschiedenen DNA-

Substraten und deren Vergleich mit homologen Enzymen. Auf ein kristallographisches 

Problem – eine sog. “Verzwilligung” – wird nur kurz eingegangen. 

 

Die vorliegende Doktorarbeit führte zu den nachfolgend aufgeführten Manuskripten dreier 

Publikationen. Davon ist eine veröffentlicht (1), eine weitere zur Veröffentlichung eingereicht 

(2) und eine dritte verblieben in Überarbeitung. Der veröffentlichte Artikel (1) und das 

eingereichte Manuskript (2) sind in Abschnitt I enthalten. Teil II dagegen befasst sich mit den 

Ergebnissen, die in Manuskript (3) veröffentlicht werden sollen. 

 

 

1. K. Lakomek, A. Dickmanns, U. Mueller, K. Kollmann, F. Deuschl, A. Berndt, T. Luebke 
and R. Ficner* (2009) De novo sulfur SAD phasing of the lysosomal 66.3 kDa protein 

from mouse, Acta Cryst. D65, 220-228. (* corresponding author) 

2. Lakomek K., Dickmanns A., Kettwig M., Ficner R.*, Luebke T., Initial insight into the 
function of the lysosomal 66.3 kDa protein from mouse by means of X-ray 

crystallography, submitted (* corresponding author) 

3. Lakomek K., Dickmanns A., Ciirdaeva E., Schomacher L., Fritz H.-J., Ficner R.*, 3`-5` 

Exo Competes with 2`-Deoxyuridine Endonuclease Function in Mth0212-DNA Complex 
Structures, in preparation (* corresponding author) 
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X)   1. Zusammenfassung 

I) DE NOVO STRUKTURAUFKLÄRUNG UND -ANALYS E DES LYSOSOMALEN 66.3 KDA  

      PROTEINS AUS MAUS 

In aktuellen Sub-Proteomanalysen, die auf Mannose-6-Phosphat-Reste tragende Proteine 
gerichtet waren, wurde das 66.3 kDa Protein als neues lösliches Protein der lysosomalen 
Matrix identifiziert. Das 66.3 kDa Protein aus Maus und sein menschliches Ortholog p76 

wurden anschließend ausführlicher charakterisiert. Das Mausprotein wird als glykosyliertes 
75 kDa Präproprotein synthetisiert und in ein 28 kDa und ein 40 kDa Fragment prozessiert. 

Trotz bioinformatischer Analysen und molekularer Charakterisierung blieben sowohl die Art 
des Reifungsprozesses als auch die physiologische Funktion bislang unbekannt.  
Um diese Fragestellung zu klären, wurde das 66.3 kDa Protein kristallisiert und seine Struktur 

mittels eines Schwefel-SAD (S-SAD) - Experiments aufgeklärt. Die Expression erfolgte als 
C-terminal mit einer Histidin-Affinitätssequenz markierte Variante in einer menschlichen 

Fibrosarkom-Zelllinie. Anschließend wurden die aus einer Polypeptidkette bestehende                
66.3 kDa – Form und die Zweikettenvariante, die aus dem 28 kDa und dem 40 kDa - 
Fragment zusammengesetzt war, bis zur Homogenität gereinigt , konnten jedoch nicht 

voneinander getrennt werden. Deswegen wurde dieses Gemisch zur Kristallisation eingesetzt 
und führte zur Entstehung einzeln wachsender Kristalle. Sie gehörten der monoklinien 

Raumgruppe C2 an. Das Protein, das für die in der vorliegenden Arbeit dargestellten Studien 
eingesetzt wurde, wurde in dem beschriebenen Reinheitsgrad von Prof. Dr. Torben Lübke 
(Georg-August-Universität Göttingen) zur Verfügung gestellt.  

Die Struktur wurde mittels S-SAD-Phasierung unter Verwendung von Daten mit einem Ranom/ 

Rp.i.m. – Verhältnis von 1,1 aufgeklärt. In der Regel wurde ein Ranom / Rp.i.m. – Verhältnis von 
1,5 als notwendig erachtet, erst in letzter Zeit wurden auch einige wenige Strukturen mit 

Werten von 1,1 oder 1,2 erfolgreich gelöst.  Die verfeinerte Substruktur der anomal streuenden 
Atome enthielt 21 intrinsische Schwefelatome sowie ein Xenonatom mit geringem 
Besetzungsgrad, das während einer Inkubation mit Xenongas in einer hydrophoben Tasche 

des Proteins festgehalten worden war. Der Beitrag des Xenonatoms zum anomalen Signal 
wurde im Vergleich zu demjenigen der Schwefelatome analysiert und war zu vernachlässigen.  

Somit ist die Struktur des 66.3 kDa Proteins eine der größten bisher mit Hilfe eines S-SAD-
Experiments bestimmten Struktur und eine von nur wenigen erfolgreichen S-SAD-
Aufklärungen in einer monoklinen Raumgruppe. Im Rahmen der Versuche zur Lösung des 

kristallographischen Phasenproblems wurden von weiteren Kristallen Datensätze 
aufgenommen. Sie stellten sich als interessant heraus, da sie unterschiedliche Stadien des 
Reifungsprozesses des 66.3 kDa Proteins aufzeigen. Die Struktur des 66.3 kDa Proteins 

wurde zu einer maximalen Auflösung von 1.8 Å verfeinert. Sie zeigt, dass die infolge eines 
proteolytischen Schnitts entstehenden Fragmente miteinander assoziiert bleiben.  

Die Kristallstrukturen weisen eine signifikante Ähnlichkeit des 66.3 kDa Proteins zu 
mehreren bakteriellen Hydrolasen auf. Die zentrale geschichtete αββα - Anordnung sowie ein 
N-terminaler Cysteinrest des 40 kDa - Fragments (Cys249) ordnet das 66.3 kDa Protein der 

strukturell definierten Superfamilie der N-terminalen Nukleophil (Ntn) – Hydrolasen zu. Die 
Ähnlichkeit zu den bakteriellen Enzymen legt sowohl eine hydrolytische Aktivität gegenüber 

nicht-peptidischen Amidbindungen als auch einen autokatalytischen Schritt im Verlauf des 
Reifungsprozesses des 66.3 kDa Proteins nahe. Infolge der Spaltung der Peptidbindung 
zwischen den Aminosäureresten Serin 248 und Cystein 249 wird eine tiefe Tasche für 

potentielle Substrate zugänglich, an deren Grund sich das fakultative aktive Zentrum des           
66.3 kDa Proteins befindet. Folglich scheint die gezielte Aktivierung des 66.3 kDa Proteins 

über einen autoproteolytischen Mechanismus zu erfolgen.  
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X)   1. Zusammenfassung 

II) STRUKTURANALYS E DES EXOIII - HOMOLOGS MTH0212 ALLEIN UND IM KOMPLEX 

      MIT VERSCHIEDENEN SUBSTRAT-DNAS  

Das Exonuklease III - Homolog des thermophilen Archaeons Methanothermobacter 
thermoautotrophicus, Mth0212, weist eine einmalige Kombination von Aktivitäten zur DNA-
Reparatur auf. Zusätzlich zur klassischen 3`-5`-Exonuklease-Aktivität ist Mth0212 in der 

Lage, doppelsträngige DNA auf der 5‟-Seite eines 2‟-Desoxyuridinrests zu schneiden. Das 
Vorkommen von 2‟-Desoxyuridin in DNA ist eine häufige Schadensart der DNA, und 

aufgrund seiner promutagenen Eigenschaft ist eine zuverlässige Reparatur zur korrekten 
Aufrechterhaltung der genetischen Information unerlässlich.  
Gewöhnlich wird 2‟-Desoxyuridin durch die aufeinander folgende Aktivität einer Uracil-

DNA-Glykosylase (UDG) und einer AP-Endonuklease entfernt. UDGs schneiden die Base 
Uracil heraus und erzeugen so einen Nukleotidrest ohne Pyrimidin– oder Purinbase, eine 

basenlose Stelle (engl.: abasic site = apyrimidinic / apurinic site = AP site). Bislang sind nur 
wenige Organismen bekannt, denen ein Homolog der UDG-Superfamilie fehlt - unter ihnen 
M. thermoautotrophicus.  

Vor kurzem wurde gezeigt, dass beide oben aufgeführten initialen Schritte der                       
2`-Desoxyuridin-Reparatur (UDG, AP-Endonuklease) von Mth0212 übernommen werden, 

jedoch in einem einzigen katalytischen Prozess stattfinden. Die Nuklease schneidet das 
Phosphodiester-Rückgrat direkt und vermeidet auf diese Weise die Entstehung einer 
abasischen Stelle, die toxischer für die Zelle ist als der ursprüngliche DNA-Schaden.  

Um einen tieferen Einblick in den Mechanismus der 2`-Desoxyuridin-Erkennung zu erlangen 
und um zu verstehen, wie die verschiedenen von Mth0212 katalysierten nukleolytischen 

Aktivitäten in einem einzigen aktiven Zentrum erfolgen können, wurden Kristallstrukturen 
des Enzyms in seiner Apo-Form sowie im Komplex mit verschiedenen Substrat-DNA-
Molekülen analysiert.  

Dazu wurden sowohl Wildtyp-Protein als auch nach rationalen Überlegungen entworfene 
Mutanten zur Co-Kristallisation mit DNA-Oligonukleotiden unterschiedlicher Kettenlänge, 

Sequenz und mit variablen Arten an 5`- und 3`-Enden verwendet. Die Protein-DNA-
Komplexe unterscheiden sich in ihrer Zusammensetzung und der relativen Orientierung der 
Makromoleküle zueinander. Sie zeigen intermolekulare Kontakte über die gesamte 

Interaktionsoberfläche der Nuklease. Die Strukturen wurden mittels „Molekularem Ersatz“ 
gelöst und zu einer maximalen Auflösung im Bereich von 1.2 bis 3.1 Å verfeinert.  

Die fünf Apo- und neun Komplex-Strukturen wurden sowohl untereinander als auch mit 
homologen Enzymen verglichen, die nur die biochemischen Hauptmerkmale dieser Nuklease-
Familie aufweisen. Obwohl alle in dieser Arbeit dargestellten Komplexstrukturen Mth0212 in 

seiner namensgebenden exonukleolytischen Funktion beschreiben und keinen direkten 
Einblick in den Mechanismus der zusätzlichen Uridin-Endonuklease-Aktivität bieten, zeigen 

sie eine mögliche Erklärung für die einmalige Kombination der Aktivitäten zur DNA-
Reparatur auf. Höchstwahrscheinlich führen winzige strukturelle Unterschiede in den drei 
spezifischen DNA bindenden Schleifenstrukturen zu dem erweiterten Substratspektrum von 

Mth0212. Die Einfügung einer Argininseitenkette in die Basenstapelung der DNA-
Doppelhelix (Arg209), die in menschlicher UDG beobachteten Interaktionen ähnelt, 

zusammen mit einem Lysin, einem Serin und zwei Asparaginresten in der Substrat-
Bindetasche (Lys125, Ser171, Asn114, Asn153) haben vermutlich Schlüsselfunktionen bei 
der Erkennung eines 2`-Desoxyuridinrests. 
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X)   2. Summary 

X) 2. SUMMARY  

This PhD thesis is divided into two parts both dealing with structural characterization of 

macromolecules by means of X-ray crystallography. Part I concerns the lysosomal 66.3 kDa 

protein from mouse. It describes the expanded use of available crystallographic methods for 

structure determination and the analysis of the structure representing the protein of so far 

unknown function. In contrast, in part II the archaeal DNA repair enzyme Mth0212 is 

investigated. The crystallographic problem of twinning is only touched and the main focus 

lies on the detailed structural analysis of the protein alone as well as in complex with different 

substrate DNAs and subsequent comparison with homologous enzymes.  

 

 

 

This PhD thesis resulted in the following manuscripts of three publications of different status: 

published (1), submitted (2), in preparation (3). The published article (1) and the submitted 

manuscripts (2) are dealt with in Part I, whereas Part II corresponds to the manuscript in 

preparation (3). 

 

1. K. Lakomek, A. Dickmanns, U. Mueller, K. Kollmann, F. Deuschl, A. Berndt, T. Luebke 

and R. Ficner* (2009) De novo sulfur SAD phasing of the lysosomal 66.3 kDa protein 
from mouse, Acta Cryst. D65, 220-228. (* corresponding author) 

2. Lakomek K., Dickmanns A., Kettwig M., Ficner R.*, Luebke T., Initial insight into the 
function of the lysosomal 66.3 kDa protein from mouse by means of X-ray 
crystallography, submitted (* corresponding author) 

3. Lakomek K., Dickmanns A., Ciirdaeva E., Schomacher L., Fritz H.-J., Ficner R.*, 3`-5` 

Exo Competes with 2`-Deoxyuridine Endonuclease Function in Mth0212-DNA Complex 
Structures, in preparation (* corresponding author) 
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X)   2. Summary 

I) DE NOVO STRUCTURE SOLUTION AND ANALYSIS OF THE LYSOSOMAL 66.3 KDA 

       PROTEIN FROM MOUS E 

Recently, sub-proteome studies dealing with mannose 6-phosphate containing proteins 

revealed the 66.3 kDa protein as a novel soluble protein of the lysosomal matrix. 

Subsequently, the murine 66.3kDa protein and its human orthologue p76 were characterized 

in more detail. The mouse orthologue has been shown to be synthesized as a glycosylated     

75 kDa preproprotein, which is processed into 28 kDa and 40 kDa fragments. Despite 

bioinformatics approaches and molecular characterization, the mode of maturation as well as 

the physiological function of the 66.3 kDa protein have so far remained unknown. In order to 

tackle these questions, the 66.3 kDa protein was crystallized. The structure determination 

process by means of sulfur SAD phasing is presented in the following.  

After expression in a human fibrosarcoma cell line, the C-terminally His-tagged one chain 

66.3 kDa variant and the double chain form consisting of a 28 kDa and a 40 kDa fragment 

were purified to homogeneity, but could not be separated during the purification procedure. 

Thus this mixture was used for crystallization, single crystals were obtained. They belong to 

the monoclinic space group C2. The structure was solved by means of sulfur SAD phasing 

using data with an Ranom / Rp.i.m. ratio of 1.1. The refined substructure of anomalous scatterers 

turned out to comprise twenty-one intrinsic sulfur atoms and one xenon atom with a very low 

occupancy which had been caught in a hydrophobic pocket during a xenon soak. The 

contribution of the single xenon atom to the anomalous signal was analyzed in comparison to 

that of the sulfur atoms and found to be negligible. Thus, its structure is one of the largest 

solved by sulfur SAD (S-SAD) phasing so far and one of a few successful S-SAD phase 

determinations using crystals of a monoclinic space group. In the course of solving the 

crystallographic phase problem, additional data sets were collected which turned out to be of 

interest as they represent different states of the maturation process of the 66.3 kDa protein.  

The structure was refined to a maximum resolution limit of 1.8 Å. The structures demonstrate 

that the fragments of the proteolytic cleavage process stay associated. The crystal structures 

reveal a significant similarity of the 66.3 kDa protein to several bacterial hydrolases. The core 

αββα sandwich fold and a cysteine residue at the N-terminus of the 40 kDa fragment (C249) 

classify the 66.3 kDa protein as a member of the structurally defined N-terminal nucleophile 

(Ntn) hydrolase superfamily suggesting a hydrolytic activity on non-peptide amide bonds. 

The similarity to these bacterial proteins also implies an autocatalytic maturation of the 

lysosomal 66.3 kDa protein. Upon cleavage between serine 248 and cysteine 249, a deep 

pocket becomes solvent accessible which harbors the putative active site of the 66.3 kDa 

protein.
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X)   2. Summary 

II) STRUCTURAL ANALYSIS OF THE EXOIII HOMOLOGUE MTH0212 ALONE AND IN  

       COMPLEX WITH DIFFERENT SUBSTRATE DNAS 

The Exonuclease III homologue of the thermophilic archaeon Methanothermobacter 

thermoautotrophicus, Mth0212, displays a unique combination of DNA repair activities. In 

addition to a 3`-5`exonuclease activity, it is capable of nicking double-stranded DNA at the 

5‟-side of a 2‟-deoxyuridine residue. The occurrence of 2‟-deoxyuridine in DNA is a frequent 

kind of DNA damage, and due to its pre-mutagenic character a reliable repair is crucial for the 

correct maintenance of the genomic information. Commonly, 2‟-deoxyuridine is removed by 

the consecutive action of a uracil DNA glycosylase (UDG) creating an apyrimidinic/apurinic 

site (AP site) and of an AP endonuclease. So far, only a few organisms are known to lack a 

homologue of the UDG superfamily - among them M. thermoautotrophicus. Recently it was 

shown that both initial steps of 2`-deoxyuridine repair are taken over by Mth0212, but 

catalyzed in a single step. The nuclease directly cuts the phosphodiester backbone avoiding 

the emergence of an AP site which is even more toxic than the original base damage. In order 

to get a deeper insight into the recognition of 2`-deoxyuridine and to understand how the 

different nucleolytic activities of Mth0212 can be accomplished in a single active site, crystal 

structures of the nuclease alone as well as in complex with different substrate DNAs were 

analyzed. The wild-type and rationally designed mutants were used for co-crystallization with 

DNA oligonucleotides varying in length, sequence and kind of 5`- and 3`- ends. The protein-

DNA complexes differ in their composition and in the relative orientation of the 

macromolecules to each other revealing Mth0212-DNA contacts across the whole interaction 

surface of the enzyme. The structures could be solved by means of „Molecular Replacement‟ 

and were refined to a resolution ranging from 1.2 to 3.1 Å. 

Although all complex structures represent Mth0212 in its eponymous exonucleolytic function 

and give no direct insight into the mechanism of the additional uridine endonuclease activity, 

the comparison of the five apo and nine complex structures with each other and with 

homologous enzymes indicated putative explanations for the unique combination of DNA 

repair activities. Most likely tiny structural differences result in the expanded substrate 

spectrum of Mth0212 compared with ExoIII homologues only exhibiting the biochemical 

hallmarks of this nuclease family. The insertion of an arginine side chain (Arg209) into the 

DNA helical base stack which resembles interactions observed in human uracil DNA 

glycosylase in concert with a lysine, a serine and two asparagine residues in the substrate 

binding pocket (Lys125, Ser171, Asn114, Asn153) are supposed to play key roles in 2`-

deoxyuridine recognition. 
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Dankeschön!  
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PART I 

 

STRUCTURAL CHARACTERIZATION OF THE LYSOSOMAL  

66.3 KDA PROTEIN FROM MOUSE BY MEANS OF  

X-RAY CRYSTALLOGRAPHY 

 

 

1. INTRODUCTION 

 

1.1. LYSOSOMAL PROTEINS  
 

1.1.1. The lysosomal compartment 

A characteristic feature of eukaryotic cells is their compartmentalization into membrane-

bordered organelles such as the Golgi apparatus, the endoplasmic reticulum and lysosomes 

resulting in a spatial separation of the divergent reactions that occur in the cell. Lysosomes 

derive from the Golgi apparatus as small vesicles and develop via early and late endosomes. 

They were shown to contain a set of about 60 hydrolases and associated proteins  which are 

essential for the cell as reflected by the manifestation of severe diseases in the absence of the 

enzyme activities.  

 

 

1.1.2. Functions of lysosomal proteins  

Most lysosomal proteins are responsible for the degradation of macromolecules or even whole 

organelles, which are derived from diverse sources including bacterial cells, virus particles, 

complexes and single molecules (Fig. I-1). The pathway by which the substances enter the 

lysosomes depends on their origin. While intracellular substrates are ingested by autophagy 

via specific vacuoles (de Duve & Wattiaux, 1966), extracellular material is received either by  
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receptor- and clathrin-coated vesicle mediated endocytosis (de Duve, 1983; Sleat et al., 2007; 

Sleat et al., 2008; reviewed in Lübke et al., 2009), by pinocytosis in which cytosolic droplets 

with extracellular fluid are nonspecifically engulfed or by phagocytotic pathways, which 

involve the formation of a phagosome and have been predominantly observed in macrophages 

and granulocytes in the course of the unspecific immune defense (Haas, 2007).  

 

 

Fig. I-1. Overview of the digestive processes mediated by lysosomes: endocytosis, pinocytosis, 
phagocytosis and autophagy (Ciechanover, 2005). 

 

The majority of the acid hydrolases required for degradation of ingested molecules / material 

are soluble and located in the lumen which is referred to as lysosomal matrix (de Duve, 1969; 

Kornfeld & Mellman, 1989). Their pH optimum amounts to about pH 4.8 reflecting the acidic 

character of the lysosomal compartment (Ohkuma & Poole, 1978). According to their 

function, these enzymes are classified as phosphatases, sulfatases, glycosidases, nucleases, 

proteases, lipases or phospholipases.  

Typically the lack of function of lysosomal proteins causes severe pathogenic phenotypes 

termed “lysosomal storage diseases” since they are associated with the accumulation of 

undigested molecules in the lysosomal compartment (reviewed in Scriver et al., 2001). 

Pathophysiological processes are not only caused by defects in the degradation pathways, 

which regarding lysosomes ubiquitously come to mind, but also by dysfunction of proteins 

involved in more recently discovered biosynthetic-secretory pathways. Thereby, the lack of 
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active enzymes which are crucial for neuroprotection (Cravatt et al., 2001) as well as for the 

modulation of hormones and bioactive lipids implicated e.g. in tissue homeostasis and 

inflammation (Capasso et al., 2001; Izzo et al., 2001; Feulner et al., 2004, reviewed in Hansen 

et al., 2000) have been related to the development of Alzheimer disease (Nixon & Cataldo, 

2006), anorexia, tumor metastasis and propagation (Fehrenbacher & Jaattela, 2005; Garcia et 

al., 1996; reviewed in Kos & Lah, 1998). 

 

 

1.1.3. Transport of lysosomal proteins to the lysosome accompanied by co- and    

post-translational modifications 

Lysosomal proteins are commonly synthesized into the lumen of the rough endoplasmic 

reticulum (rER). At the lumenal side of the membrane, a precursor oligosaccharide is attached 

as a single entity to asparagine residues by the membrane-bound oligosaccharyl transferase. 

The N-linked oligosaccharide consists of 14 sugar moieties and is in most cases transferred 

co-translationally. It is trimmed in the ER prior to the passage of the newly synthesized 

protein into the Golgi apparatus. In the cis Golgi network, further additions and modifications 

of sugars can occur, e.g. mannose 6-phosphate (M6P) residues are attached exclusively to N-

linked oligosaccharides and therein only to selected mannose moieties. Based on the final 

composition of the oligosaccharide, N-glycans can be subdivided in three types, namely the 

“high mannose”, the “hybrid” or the “complex” type. All of them exhibit a common 

pentasaccharide core consisting of two N-acetylglucosamine (NAG) and three M6P moieties. 

The latter are recognized by two M6P receptors (MPRs) as a sorting signal for the transport in 

clathrin-coated vesicles budding from the trans Golgi network (Fig. I-2). The vesicles fuse 

with late endosomes, which exhibit a slightly acidic interior (pH ~ 6) leading to the 

dissociation of the MPRs from the transported protein as well as to the release of phosphate 

from the M6P residues. Subsequent gradual maturation of late endosomes results in the 

development of lysosomes with a pH of 4-5 and a specific set of proteins. Thus, most 

lysosomal enzymes are directed to lysosomes by M6P residues, which have been post-

translationally generated at the N-glycans on the proteins` surface. Additionally, the 

oligosaccharides e.g. serve as markers during protein folding and make the decorated proteins 

more stable due to the reduced access of proteases to the protein. 
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Fig. I-2. The transport of newly synthesized lysosomal proteins to lysosomes mediated by a mannose -
6-phosphate (M6P) receptor (Alberts et al., 2002).  

 

 

1.1.4. Identification of novel lysosomal proteins in proteomics approaches 

In order to reveal novel lysosomal proteins and thus novel lysosomal functions, several sub-

proteomic studies dealing with soluble lysosomal proteins have been carried out recently 

(Sleat, Wang et al., 2006; Sleat, Zheng et al.; 2006; Kollmann et al.; 2005; Sleat et al., 2008); 

reviewed in Sleat et al., 2007). They made use of M6P as a characteristic feature of most 

lysosomal proteins as follows. Proteins are expressed in cell lines which are deficient in main 

MPRs so that they are not correctly targeted to lysosomes, but channeled into the alternative 

vesicular transport pathway, exocytosis, and thus secreted into the medium. Subsequent 

purification therefore starts with ammonium sulfate precipitation and finally results in 

concentrated cell extracts. These enriched fractions are subjected to affinity chromatography 

using a column on which a MPR mixture is attached to the base material. After successive 

washing steps also including glucose-6-phosphate in order to remove unspecifically bound 

molecules, proteins are eluted by the addition of free mannose-6-phosphate. They are 

separated by means of 2-D SDS gel electrophoresis and subsequently analyzed using peptide 

mass fingerprints in concert with Edman sequencing and bioinformatics. If comparison with 

identical sequences beyond known lysosomal proteins is of negative outcome, further 

experiments have to be carried out to unambiguously show the lysosomal localization. For 
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reference, several marker proteins of the lysosomal matrix are monitored throughout the 

procedure.  

In several lysosomal proteomic studies from mouse, rat and human, beyond others, the        

66.3 kDa protein was identified as a putative soluble lysosomal protein (Lübke et al., 2009).  

 
1.2. THE 66.3 KDA PROTEIN:  

Bioinformatic analysis and molecular characterization 

 

The 66.3 kDa protein is conserved among vertebrates (Fig. I-3). The sequence identity 

between the 66.3 kDa protein and some orthologues is described in detail in the submitted 

manuscript (chapter 4). 

Following their identification in proteomics approaches, the murine 66.3 kDa protein and its 

human orthologue p76 were characterized in more detail regarding their lysosomal 

localization, processing and glycosylation (Deuschl et al., 2006; Jensen et al., 2007). The     

66.3 kDa protein is synthesized at the rER as a glycosylated preproprotein with an apparent 

molecular mass of 75 kDa. After the co-translational removal of the N-terminal signal 

peptide, the respective proprotein is sorted to the lysosomal compartment and further 

processed into a 28 kDa N-terminal and a 40 kDa C-terminal fragment (Deuschl et al., 2006) 

(Fig. I-4).  

The 40 kDa fragment might be further processed (Deuschl et al., 2006) (Fig. I-5a) into a        

25 kDa N- and a 15 kDa C-terminal fragment (unpublished data T.L., by Edman digest). A 

similar processing was described for the human orthologue p76 resulting in a 32 kDa N-

terminal fragment and a 45 kDa C-terminal fragment (Jensen et al., 2007). The authors 

suggested an additional maturation step for the 40 kDa fragment from mouse as well due to 

the detection of a C-terminal 27 kDa fragment of non-secreted protein by Western analysis.  
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Fig. I-3. Alignment of the amino acid sequences of the 66.3 kDa protein and its homologues using 

CLUSTALW v. 2.04 (Chenna et al., 2003) and ESPRIPT (Gouet et al., 1999). Ce = Caenorhabditis 
elegans, Dd = Dictyostelium discoideum, Dm = Drosophila melanogaster.  
 

Such limited proteolysis during the maturation procedure has been observed for many 

lysosomal proteins and commonly leads to their activation (Hasilik, 1992). 

For purification, a C-terminally RGS-His6-tagged derivative of the mouse 66.3 kDa protein 

was expressed in the human fibrosarcoma cell line HT1080 and due to secretion into the 

medium first subjected to ammonium sulfate precipitation. Subsequent purification steps 

included Ni+-NTA affinity and HPLC anion exchange chromatography. Limited proteolysis 

shed light on the post-translational maturation and revealed Cys249 as the N-terminal residue 

of the 40 kDa fragment.  
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Fig. I-4. Processing of the lysosomal 66.3 kDa protein from mouse.  

By means of peptide:N-glycosidase F (PNGase) all five potential N-glycosylation sites of the 

mouse orthologue have been shown to be used upon expression (Figs. I-5b, c).  

(a)    (b)  

(c)   
Fig. I-5. Molecular forms of the 66.3 kDa protein from mouse (Deuschl et al., 2006). (a) SDS-PAGE and 
Western blot analysis of the purified 66.3 kDa protein under reducing conditions. Coomass. = SDS 
polyacrylamide gel stained with Coomassie Brilliant Blue, β-MeSH = β-mercaptoethanol. lane 2:     
66.3 kDa protein antiserum, lane 3: monoclonal antibody against the C-terminal His6-tag. (b) HT1080 
cells stably expressing the 66.3 kDa protein after treatment with PNGase analyzed by Western 
blotting using the 66.3 kDa protein antiserum. Filled / open arrowheads: glycosylated / (partially) 
deglycosylated forms with the number of their N-glycans indicated on the right. (c) Schematic 
representation of the polypeptides of the purified 66.3 kDa protein and their N-glycosylation sites. 
 

However, since neither bioinformatics analysis nor the detailed molecular characterization of 

the mouse lysosomal 66.3 kDa protein and its human orthologue p76 have provided any hint 

regarding the activity and the physiological function, the problem was approached by the 
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determination of the three-dimensional structure of the mouse 66.3 kDa protein. Due to the 

fact, that no structure of a protein with sufficient similarity of the amino acid sequence level 

has been available, the phases were determined experimentally (chapter 3). Based on 

subsequent analysis as well as database and literature search, the 66.3 kDa protein belongs to 

the superfamily of N-terminal nucleophile (Ntn) hydrolases. Despite the lack of a significant 

sequence similarity there is a close resemblance to several bacterial hydrolases regarding the 

protein fold and active site residues providing initial insight into its catalytic activity as well 

as putative substrates. In concert with structures of the 66.3 kDa protein yielded from 

different purification batches the structural homology to characterized Ntn hydrolases 

suggested a mechanism of the enzyme`s activation involving autocatalytic proteolysis.  

 

 

1.3. X-RAY CRYSTALLOGRAPHY  

 

1.3.1. Crystallographic methods 

The complete characterization of a specific macromolecule includes the determination of its 

three-dimensional structure. For this purpose, several methods are available. They differ in 

their feasibility for the macromolecules of different sizes and yield information to variable 

resolution limits. Single particle electron microscopy (EM) e.g. is suitable only for molecules 

and complexes with a molecular weight (MW) of more than 200 kDa and provides 

information to a resolution of < 2 Å. While EM requires a frozen sample, for the recently 

developing Small Angle X-ray Scattering (SAXS) complex solutions can be used. Application 

and results are similar with regard to the macromolecular size and resolution. The molecular 

weight of a compound considered favorable for a de novo structure determination in solution 

at atomic resolution by means of Nuclear Magnetic Resonance (NMR) spectroscopy lies in 

the range of 30-40 kDa. Thus, the commonly used method for studies of single 

macromolecules or protein-protein complexes as well as complexes between proteins and 

nucleic acids with a MW of more than 40 kDa is X-ray crystallography. Since atomic 

resolution can be achieved, it provides detailed information about intra- and intermolecular 

contacts such as hydrogen-bonding interactions and residue conformations.  

For the 66.3 kDa protein for example, X-ray crystallography was used as an alternative 

strategy to bioinformatics in concert with its molecular characterization to gain initial insight 
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into its function and indeed enabled the assignment to an enzyme superfamily with a common 

substrate class and similar activation and catalytic mechanisms.  

A prerequisite for the determination of a crystal structure is an initial model providing the so-

called starting phases. Together with the amplitudes which are directly derived from 

measured data they define the structure. If with regard to a protein structure determination a 

model of a structurally similar protein is available, this can serve to calculate initial phases. I f 

this does not apply, experimental phases have to be determined. Commonly, either the protein 

is derivatized with selenomethionine replacing methionine residues or native protein crystals 

are subjected to soaks with different heavy atom compounds or halide salts. However, the first 

strategy does not always yield soluble protein or exhibits an incomplete labeling - especially 

observed for expression in cell cultures - and can fail in crystallization. Soaking procedures 

can break the used crystals and thus make them unusable for X-ray diffraction experiments. In 

such cases, in particular applying for proteins that require both, expensive and time-

consuming expression and purification procedures which exhibit an increased challenge for 

protein labeling and prevent extensive screening of heavy atom / halide crystal soaks such as 

for the 66.3 kDa protein, “Sulfur Single Anomalous Dispersion” (S-SAD) phasing can be 

used as an alternative strategy to derive initial phases.  

S-SAD makes use of the weak anomalous scattering of intrinsic S atoms in unlabeled 

proteins. Since this method is currently developing and due to recent achievements it might 

become routine in the next future and encouraging for standard protein structure 

determinations. 

 

1.3.2. Sulfur SAD phasing  

Currently, several high brilliance third generation synchrotron beamlines support the energy 

range required for long wavelength phasing applications (about 1.7-2.5 Å) (Djinovic-Carugo 

et al., 2005). Thus, the number of SAD phasing experiments using only weak anomalous 

scatterers has increased (Ramagopal et al., 2003). Most sulfur SAD data have been collected 

at tunable synchroton beamlines in order to make use of the appreciably larger f˝(S) (Fig. I-6) 

(Brown et al., 2002; Gordon et al., 2001; Liu et al., 2000; Ramagopal et al., 2003; Weiss, 

2001; Weiss et al., 2004), although Cu Kα (1.54 Å) is suitable for sulfur SAD phasing as well 

(Dauter et al., 1999; Sekar et al., 2004; Roeser et al., 2005). Often successful phasing requires 

the additional presence of further weak anomalous scatterers such as Ca2+ and Cl- ions which 
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commonly are refined to significantly higher occupancies than the sulfur sites (Dauter et al., 

1999; Yang & Pflugrath, 2001; Debreczeni, Bunkoczi, Ma et al., 2003, Roeser et al., 2005).  

 

Fig. I-6. Plot of theoretical f' and f'' values for sulfur  
(http://skuld.bmsc.washington.edu/scatter/AS_form.html). 

 

Only for a few structure determinations singularly the anomalous signal of intrinsic sulfur was 

sufficient (Debreczeni, Bunkoczi, Girmann et al., 2003; Debreczeni, Girmann et al., 2003, 

Yang & Pflugrath, 2001). The largest structure solved by true sulfur SAD phasing so far, has 

been a 69 kDa protein from Thermus thermophilus. However, in this case the protein 

crystallized in the high symmetry space group P21212 and due to two molecules in the 

asymmetric unit enabled the use of non-crystallographic symmetry (NCS) (Watanabe et al., 

2005). These two characteristics are representative for the majority of crystals suitable for     

S-SAD phasing. Only rarely proteins crystallizing in low symmetry space groups could be 

solved by S-SAD phasing and these examples deal with molecules of 20-33 kDa molecular 

weight (Ramagopal et al., 2003; Dong et al., unpublished, PDB-ID 1YNB, deposited 2005). 

Most likely, the failure of S-SAD experiments in low symmetry space groups is based on the 

high multiplicity required fur successful S-SAD phasing, which is especially difficult to 

achieve for monoclinic crystals, since radiation damage during data collection becomes 

problematic. In particular in lower dose collecting modes – automatically used at longer 

wavelengths – radiation damage increases.  
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1.4. STRUCTURE BASED FUNCTION PREDICTION  

In a recent publication with the promising title “Structure-based activity prediction for an 

enzyme of unknown function” Hermann and co-workers reported on the successful prediction 

of the cellular role of the protein Tm0936 from Thermotoga maritima by means of X-ray 

crystallography in combination with docking studies and subsequent experimental verification 

(Hermann et al., 2007). Similarly, the function of a member of the enolase superfamily was 

derived by docking experiments (Song et al., 2007). In the latter case, the calculations were 

based on a homology model instead of a crystal structure. However, for the 66.3 kDa protein 

no structure of a protein with sufficient similarity with respect to the amino acid sequence 

level has been available.  

Despite the two successful structure-guided function predictions of the protein Tm0936 

(Hermann et al., 2007) and the enolase (Song et al., 2007), the automated structure-based 

function prediction is still under development (reviewed in Redfern et al., 2008). The Protein 

Structure Initiative (PSI) e.g. set out to extend the ability to add structural information to the  

increasing number of genomic sequences. For most projects, it aims to derive the function of 

a given protein from the structure without additional experimental data (Watson et al., 2007). 

In these cases, significant global structural similarity is used in order to transfer functional 

annotations from close structural homologues, which cannot be identified only based on the 

amino acid sequences due to the absence of significant similarity on this level. Among others, 

the methods CE (combinatorial extension) (Shindyalov et al., 1998), STRUCTAL (Kolodny 

et al., 2005), CATHEDRAL (Redfern et al., 2007), FAT-CAT (Ye et al., 2003), SSM 

(secondary structure matching) (Krissinel et al., 2004) and DALI (Holm et al., 1996) have 

been applied in this context. Several recently developed methods such as ProKnow (Pal et al., 

2005), Annolite (Marti-Renom et al., 2007) and PHUNCTIONER (Pazos et al., 2004) use 

comparisons of structural motives and sequence methods in addition to the global structure 

and assign confidence values for functional assignments. In contrast, PDBSITE (Ivanisenko et 

al., 2005), MSDSITE (Golovin et al., 2005) as well as PROFUNC (Laskowski et al, 2005) 

and TEMPURA (Porter et al., 2004) use only comparisons of binding or catalytic sites and 

thus are also feasible for proteins, where no protein of global structural similarity is known so 

far. The methods differ in their source of information. While PDBSITE and MSDSITE are 

based on functional annotations by the authors of a structure, the latter search the Catalytic 

Site Atlas (CSA) (Porter et al., 2004), a database of hand-curated catalytic residue assembles.
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2. OBJECTIVES 

The 66.3 kDa protein has recently been identified in a proteomics approach as a novel soluble 

protein of the lysosomal matrix and has been shown to be processed into a 28 and a 40 kDa 

fragment. Despite detailed molecular characterization, its cellular function has so far remained 

unknown. Since bioinformatics inference of function failed as well, this problem was tackled 

by means of X-ray crystallography. The determination of its three-dimensional structure and 

subsequent analysis were aimed to provide initial insight into the physiological function as 

well as a potential catalytic activity and respective substrates. A further, although minor, 

intention was to understand the putative assembly of the proteolytic fragments and the 

function and mechanism of the maturation process.  

 

3. DE NOVO SULFUR SAD PHASING OF THE LYSOSOMAL  

66.3 KDA PROTEIN FROM MOUSE 
 

3.1. OBJECTIVES AND AUTHORS` CONTRIBUTIONS 

The following publication describes the de novo structure determination of the 66.3 kDa 

protein from mouse at a resolution of 2.4 Å. The main focus is on the applied methodical 

crystallographic procedures, since the successful sulfur SAD phasing of the 66.3 kDa protein 

expanded the use of this method with regard to both, the molecular weight of the studied 

macromolecule and the low symmetry of the space group (C2 monoclinic), an important 

parameter classifying a crystal. Thus, this article was selected by the editors of Acta Cryst. D, 

Ted Baker and Zbyszek Dauter, to be included as a short summary in the newsletter 17#1 of 

the International Union of Crystallography (IUCr). This newsletter shortly summarizes 

selected articles recently published in each of the eight IUCr journals. It is published quarterly 

and distributed to 587 libraries and 17,000 crystallographers and other interested individuals 

in 102 countries and posted on the IUCr website (http://journals.iucr.org/services/newsletter/ 

newsletter-articles.html). The highlighted articles become open access for three months from 

the date of publication of the respective Newsletter. Additionally, the derived structure of the 

66.3 kDa protein was chosen to be emphasized as the “BESSY structure of the month” on the 

homepage of the synchrotron BESSY, Berlin, Germany (http://www.mx.bessy.de/structures/ 

index.shtml) presumably by its update in summer (2009). 
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Protein expression in a human fibrosarcoma cell line and the purification procedure up to the 

anion exchange chromatography step inclusively were performed by the laboratory of Prof. 

Dr. Torben Lübke (Center of Biochemistry and Molecular Cell Biology, Department 

Biochemistry II, GZMB, Georg-August University Göttingen). Initial crystallization hits were 

obtained in trials set up by Annette Berndt and Dr. Achim Dickmanns (Department of 

Molecular Structural Biology, Institute of Microbiology and Genetics, GZMB, Georg-August 

University Göttingen). My contributions under supervision of Prof. Dr. Ralf Ficner concern 

crystal optimization including the addition of gel filtration as the final purification step, data 

collection with the help of Dr. Uwe Mueller (BESSY GmbH, Macromolecular 

Crystallography group, Berlin, Germany) as well as structure determination, refinement and 

analysis (PDB-ID 3FBX). 

 

 

 

 

 

 

3.2. PUBLICATION “DE NOVO SULFUR SAD PHASING OF THE LYSOSOMAL 

66.3 KDA PROTEIN FROM MOUSE” 
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The 66.3 kDa protein from mouse is a soluble protein of the

lysosomal matrix. It is synthesized as a glycosylated 75 kDa

preproprotein which is further processed into 28 and 40 kDa

fragments. Despite bioinformatics approaches and molecular

characterization of the 66.3 kDa protein, the mode of its

maturation as well as its physiological function remained un-

known. Therefore, it was decided to tackle this question by

means of X-ray crystallography. After expression in a human

fibrosarcoma cell line, the C-terminally His-tagged single-

chain 66.3 kDa variant and the double-chain form consisting

of a 28 kDa fragment and a 40 kDa fragment were purified to

homogeneity but could not be separated during the purifica-

tion procedure. This mixture was therefore used for crystal-

lization. Single crystals were obtained and the structure of the

66.3 kDa protein was solved by means of sulfur SAD phasing

using data collected at a wavelength of 1.9 Å on the BESSY

beamline BL14.2 of Freie Universität Berlin. Based on the

anomalous signal, a 22-atom substructure comprising 21

intrinsic S atoms and one Xe atom with very low occupancy

was found and refined at a resolution of 2.4 Å using the

programs SHELXC/D and SHARP. Density modification

using SOLOMON and DM resulted in a high-quality electron-

density map, enabling automatic model building with ARP/

wARP. The initial model contained 85% of the amino-acid

residues expected to be present in the asymmetric unit of the

crystal. Subsequently, the model was completed and refined to

an Rfree factor of 19.8%. The contribution of the single Xe

atom to the anomalous signal was analyzed in comparison to

that of the S atoms and was found to be negligible. This work

should encourage the use of the weak anomalous scattering of

intrinsic S atoms in SAD phasing, especially for proteins,

which require both expensive and time-consuming expression

and purification procedures, preventing extensive screening of

heavy-atom crystal soaks.
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1. Introduction

Lysosomes are membrane-bordered organelles in eukaryotic

cells that contain a set of about 60 acid hydrolases and asso-

ciated proteins that are responsible for the digestion of various

macromolecules and even whole organelles derived from

various sources by endocytosis, autophagy and other traf-

ficking pathways (Sleat et al., 2008; reviewed by Sleat et al.,

2007; Lübke et al., 2008). Typically, the lack of function of

lysosomal proteins causes severe pathogenic phenotypes

collectively referred to as ‘lysosomal storage diseases’ which

are associated with the accumulation of undigested molecules

in the lysosomal compartment (reviewed by Scriver et al.,
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2001). In addition to their degradative function, lysosomal

enzymes are involved in many pathophysiological processes

such as cancer (Fehrenbacher & Jaattela, 2005), tumour

metastasis and propagation (Garcia et al., 1996; Kos & Lah,

1998), neuroprotection (Cravatt et al., 2001) and Alzheimer’s

disease (Nixon & Cataldo, 2006), as well as in the modulation

of hormones and bioactive lipids implicated, for example, in

tissue homeostasis, inflammation (Capasso et al., 2001; Izzo et

al., 2001; Feulner et al., 2004; reviewed by Hansen et al., 2000)

and anorexia (Saftig et al., 1995).

Most lysosomal enzymes are directed to lysosomes by a

mannose 6-phosphate (M6P) residue that is attached to their

N-glycans post-translationally, recognized by M6P receptors

(MPRs) at the trans-Golgi network and subsequently targeted

to the lysosomes. Based on the composition of the oligo-

saccharide, the N-glycans can be subdivided in three types,

namely the ‘high-mannose’, ‘hybrid’ and ‘complex’ types, all of

which exhibit a common pentasaccharide core that consists of

three different mannose residues and two N-acetyl-

glucosamine (NAG) moieties. In order to reveal novel lyso-

somal proteins and thus novel lysosomal functions, several

subproteomic studies dealing with soluble lysosomal proteins

have recently been carried out (Sleat, Wang et al., 2006; Sleat,

Zheng et al.; 2006; Kollmann et al., 2005; Sleat et al., 2008;

reviewed by Sleat et al., 2007). Among others, the 66.3 kDa

protein has been identified as a putative soluble lysosomal

protein in several lysosomal proteomic studies from mouse, rat

and human (Lübke et al., 2008). Subsequently, the murine

66.3 kDa protein and its human orthologue p76 were char-

acterized in more detail regarding their lysosomal localization,

processing and glycosylation (Deuschl et al., 2006; Jensen et al.,

2007). A C-terminally RGS-His6-tagged derivative of the

mouse 66.3 kDa protein was stably expressed at high levels in

the human fibrosarcoma cell line HT1080, which secreted the

protein into the medium. It was then purified by a combina-

tion of affinity and ion-exchange chromatography (Deuschl et

al., 2006). The 66.3 kDa protein is synthesized at the rough ER

as a glycosylated precursor with an apparent molecular weight

of 75 kDa and is further processed into a 28 kDa N-terminal

fragment and a 40 kDa C-terminal fragment (Deuschl et al.,

2006). Such an extensive endosomal/lysosomal maturation by

limited proteolysis is a common step towards the final acti-

vation of lysosomal hydrolases (Hasilik, 1992). However,

despite bioinformatics studies and molecular characterization,

the physiological function of the 66.3 kDa protein so far

remains unknown. In order to obtain initial insights into its

activity, we set out to determine the crystal structure of the

66.3 kDa protein from mouse. Since no structure of a protein

with sufficient similarity at the amino-acid sequence level is

available, the phases were determined experimentally.

Currently, several high-brilliance third-generation synchro-

tron beamlines are available worldwide that support the

required energy range for long-wavelength phasing applica-

tions (Djinovic Carugo et al., 2005). Thus, the use of SAD

phasing using only weak anomalous scatterers has increased

(Ramagopal et al., 2003) since the first protein structure was

determined by sulfur SAD in 1981 (Hendrickson & Teeter,

1981). Most sulfur SAD data have been collected on tunable

synchroton beamlines in order to make use of the appreciably

larger f 00 of sulfur at longer wavelengths in the range between

1.7 and 2.5 Å (Brown et al., 2002; Gordon et al., 2001; Liu et al.,

2000; Ramagopal et al., 2003; Weiss, 2001; Weiss et al., 2004),

although Cu K� is also feasible for sulfur SAD phasing

(Dauter et al., 1999; Sekar et al., 2004; Roeser et al., 2005).

However, successful phasing often relies on the additional

presence of several different weak anomalous scatterers such

as Ca2+ and Cl� ions (Dauter et al., 1999; Yang & Pflugrath,

2001; Debreczeni, Bunkóczi, Ma et al., 2003). Only rarely are

intrinsic S atoms the sole source of the anomalous signal

(Debreczeni, Bunkóczi, Girmann et al., 2003; Debreczeni,

Girmann et al., 2003; Yang & Pflugrath, 2001). When further

heavy-atom sites were determined in addition to the sulfur

sites, the former refined to significantly higher occupancies; for

example, occupancies of 1.0 and 0.99 for two calcium ions

compared with 0.43 for the highest occupancy for a sulfur site

in the formylglycine-generating enzyme (Roeser et al., 2005).

To our knowledge, the largest structure solved by true sulfur

SAD phasing to date has been that of TT0570 from Thermus

thermophilus, with a molecular weight of 69 kDa. However,

this protein was crystallized in space group P21212 with two

molecules in the asymmetric unit (Watanabe et al., 2005). Like

TT0570, the majority of crystals suitable for sulfur SAD

phasing experiments belong to high-symmetry space groups.

In contrast, only a limited number of successful sulfur SAD

phasings of proteins that crystallize in low-symmetry space

groups have been described for monoclinic crystals; for

example, xylanase from Thermoascus aurantiacus (molecular

weight 33 kDa; Ramagopal et al., 2003) and the hypothetical

protein AF1432 (molecular weight 20 kDa; PDB code 1ynb;

A. Dong, T. Skarina, A. Savchenko, E. F. Pai & A. Edwards,

unpublished work) crystallized in space groups P21 and C2,

respectively. In this work, we demonstrate on the basis of the

de novo phasing of the 66.3 kDa protein that sulfur SAD

phasing is also feasible for a larger protein that crystallizes in a

low-symmetry space group such as C2.

2. Materials and methods

2.1. Protein purification and crystallization

The 66.3 kDa protein was purified as described by Deuschl

et al. (2006). For crystallization, size-exclusion chromato-

graphy was added as a final purification step (10 mM Tris–HCl

pH 8.0; Superdex 200 HR 10/300, GE Healthcare). The

molecular-weight markers were purchased from Fermentas

(SM0431; Fermentas, St Leon-Rot, Germany). The purified

protein, which consisted of a mixture of the 66.3 kDa full-

length protein and the 40 kDa fragment as well as the 28 kDa

fragment, was crystallized using the sitting-drop vapour-

diffusion method at 293 K. The 66.3 kDa protein was crys-

tallized in a drop composed of 1.6 ml protein solution with a

concentration of 23 mg ml�1 and 2.0 ml reservoir solution

containing 12%(w/v) PEG 4000, 200 mM ammonium acetate
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and 100 mM sodium acetate/acetic acid pH 4.6. The final pH of

the reservoir solution was determined to be 5.0.

2.2. Data collection and processing

For data collection, the crystal was transferred into a cryo-

protecting solution that consisted of 16%(w/v) PEG 4000,

130 mM ammonium acetate, 60 mM sodium acetate/acetic

acid pH 4.6 and 10%(v/v) glycerol. Subsequently, the 66.3 kDa

protein crystal was derivatized with xenon in a gas chamber

for 4 min under a gas pressure of 2.8 MPa and then directly

flash-cooled in liquid nitrogen before mounting in the cryo-

stream. The data set was collected on BESSY beamline

BL14.2, which was equipped with an SX165 detector (Rayo-

nics LLC, Illinois, USA). The crystal was mounted at a

distance of 50 mm and the beam stop was adjusted to a

distance of 14 mm from the detector. 1120 images were

recorded at a wavelength of 1.900 Å from a single crystal in

1.0� oscillations with 3.2 s exposure time at 100 K using

0.03 mm aluminium foil between the X-ray beam and the

crystal in order to reduce the beam intensity and radiation

damage. The images were processed with DENZO and

SCALEPACK as implemented in HKL-2000 (HKL Research,

Inc., Charlottesville, Virginia, USA). The scaled data were

analysed with XPREP (Bruker AXS Inc., Madison, Wis-

consin, USA). Ranom and Rp.i.m. were determined with SCALA

(Collaborative Computational Project, Number 4, 1994) based

on the data scaled using SCALEPACK without merging the

original indices.

2.3. Structure determination and model building

The anomalous completeness listed in Table 1 corresponds

to the output from SHELXC (Sheldrick, 2008). autoSHARP

(de La Fortelle & Bricogne, 1997) served as the platform for

structure determination using data in the resolution range

32.11–2.40 Å. SHELXC/D (Sheldrick, 2008) and SHARP (de

La Fortelle & Bricogne, 1997) were used for substructure

determination and for positional refinement and phase

calculations, respectively. The phases obtained were further

improved by solvent flattening and histogram matching using

SOLOMON and DM (Collaborative Computational Project,

Number 4, 1994) as implemented in SHARP. A free-atom

model was built into the electron-density map by ARP/wARP

(Perrakis et al., 1999) as implemented in SHARP using data to

a resolution of 2.40 Å and a solvent content of 56.4%. Sub-

sequent auto-tracing of the amino-acid chain using the

warpNtrace procedure of ARP/wARP resulted in an initial

model of high quality containing 475 amino acids (of 559

expected amino acids) in 20 chains with a connectivity index of

0.92. Subsequently, the model was completed manually with

Coot (Emsley & Cowtan, 2004) and refined using REFMAC5

from the CCP4 suite (Murshudov et al., 1997; Collaborative

Computational Project, Number 4, 1994) to R factors of

Rwork = 15.6% and Rfree = 19.8% (see Table 1), with r.m.s.

deviations of 0.013 Å and 1.44� for bond lengths and angles,

respectively. Stereochemical analysis of the refined structure

was performed with PROCHECK (Laskowski et al., 1993). 520

of the 559 amino-acid residues (Val63–Thr238 and Cys249–

Pro592), five N-acetylglucosamine moieties, 294 water mole-

cules, three glycerol molecules, three polyethylene glycol

molecules, one sodium ion, one acetate ion and one Xe atom

with an occupancy of 10% were included in the final structure.

The protein atoms exhibit average B factors of only 23.9 Å2

for the amino-acid residues and of 49.2 Å2 for the atoms of the

sugar moieties attached to Asn115, Asn236, Asn441 and

Asn520, while the average B factors of the water molecules

and the other solvent molecules were 33.7 and 51.4 Å2,

respectively. Cys249 was oxidized in some molecules forming

the crystal as visualized in the electron density. Therefore, this

residue was modelled as a cysteine sulfonic acid with an

occupancy of 0.5 for all side-chain O atoms.

The Harker section in Fig. 3 was prepared using the

program XPREP. Figs. 2 and 4(b)–4(f) were prepared using

CCP4mg (Potterton et al., 2004), while Fig. 4(a) was prepared

with Coot.

3. Results and discussion

3.1. Purification and crystallization of the 66.3 kDa protein

The glycosylated 66.3 kDa protein from mouse was pro-

duced by overexpression as a C-terminally RGS-His6-tagged

derivative in a human fibrosarcoma cell line (HT1080) and

purified as described elsewhere (Deuschl et al., 2006). Since

the 66.3 kDa proprotein and the 28 and 40 kDa fragments

could not be separated during the purification procedure, this

mixture was used for crystallization. Initial crystals were
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Table 1
Crystallographic data and refinement statistics.

Values in square brackets and parentheses are for the lowest and highest
resolution shells, respectively.

Wavelength (Å) 1.900
X-ray source/detector BL14.2/SX165
Resolution range (Å) [50–5.17] 50.0–2.40 (2.49–2.40)
Space group C2
No. of molecules in ASU 1
Unit-cell parameters (Å, �) a = 148.80, b = 89.67, c = 64.95,

� = 90.0, � = 98.7, � = 90.0
Measured reflections 751575
Unique reflections 32026
Rejected reflections 195 (�0.01%)
Multiplicity of reflections [23.4] 23.0 (21.2)
Completeness (%) [99.7] 98.9 (97.5)
Anomalous completeness† (%) [98.3] 98.7 (97.0)
Mosaicity (�) 0.76
Rmerge‡ (%) [3.8] 8.3 (37.3)
Average I/�(I) [102.9] 48.8 (10.2)
Maximum �F 0 0/�(�F) 1.81
f 0/f 0 0§ (electrons) 0.37/0.82
RCullis (anomalous)} 0.95
Anomalous phasing power† 0.474
Expected no. of S atoms 22
Heavy-atom sites found in ASU 22 (21 S, 1 Xe)
Amino acids in ASU (expected/placed) 559/520
Rwork (%) 15.6
Rfree (%) 19.8

† According to SHELXC with resolution bins1–8.0 and 2.6–2.4 Å. ‡ Rmerge = 100 �P
hkl

P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ. § Theoretical values for sulfur at a

wavelength of 1.9000 Å used by SHARP. } RCullis (acentric reflections) =P
E=
P

�F, where E is the residual lack-of-closure error.
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obtained under acidic conditions near the physiological pH of

lysosomes (pH 4.6) using PEG 4000 and ammonium acetate as

precipitants. Initial crystals grew in compact clusters and could

not be separated (Fig. 1a). Extensive variation of the reservoir

solution did not improve crystal growth, although exchanging

the ammonium acetate for diammonium hydrogen citrate

resulted in single crystals (Fig. 1b). However, the crystals

exhibited a thin plate-like shape and were also not suitable for

data collection. Only optimization of the protein concentra-

tion and variation of the protein:reservoir ratio in addition to a

final size-exclusion chromatography step in the purification

procedure resulted in crystals of suitable quality. The

supplementary gel filtration seemed to be most important in

order to obtain crystals that could be separated despite

growing in clusters. Such crystals are shown in Fig. 1(c). It is

most likely that this optimization is based on the removal of

small amounts of aggregated protein that elute in the void

volume of the column. The crystals obtained were separated

from adhering precipitate in a cryoprotecting solution which

contained both an increased PEG concentration and 10%(v/v)

glycerol to prevent ice formation. Since the protein mixture

used for crystallization contained three different polypeptide

chains, the crystals were dissolved in order to gain information

about their content. Owing to the sensitivity of the thin plate-

like crystals towards breakage, only two washing steps in

reservoir solution were performed. SDS–PAGE analysis of the

dissolved crystals and staining with Coomassie Brilliant Blue

R/G revealed only one prominent band corresponding to the

40 kDa fragment and an additional faint signal of about

28 kDa corresponding to the second fragment, as shown in

Fig. 1(d). However, weak staining of the 28 kDa band was also

observed for the purified protein solution and the weak signal

seemed to be caused by the crystal content rather than by

precipitate that had remained stuck to the crystal despite

washing. The single-chain form represented by the band at

around 66 kDa was unambiguously not present in the crystal.

The complete absence of the 66.3 kDa form was also observed

after incubation for two weeks at 293 K of crystallization

drops from which no crystals were obtained, suggesting that it

is processed autocatalytically into the stable 28 and 40 kDa

fragments over time. Both the 66.3 kDa protein and the

fragments of the solution used for crystallization displayed a

higher apparent molecular weight in SDS–PAGE than

expected owing to the presence of five glycosylation sites

which were all utilized upon expression as demonstrated by

two different methods: deglycosylation by peptide:N-glycosi-

dase F (PNGase F) treatment (Deuschl et al., 2006) and

structural analysis (see below). However, the addition of PEG

4000 resulted in a lower apparent molecular weight of the

proteins from the dissolved crystal, as can be seen in lane 4 of

Fig. 1(d) by comparison with the solution of the purified

protein in 10 mM Tris–HCl pH 8.0 (lanes 2 and 5). Therefore,

this solution (lane 2) was mixed with an appropriate amount of

reservoir solution (lane 3) in order to serve as a reference for

the dissolved crystal.

3.2. Data collection and structure determination

After incubation in cryobuffer, the crystal containing both

fragments was subjected to pressurization with xenon in a
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Figure 1
Crystallization of the murine 66.3 kDa protein. (a) Initial crystals of the
66.3 kDa protein obtained using protein purified without size-exclusion
chromatography grew in compact clusters. (b) Single but small crystals
were obtained by the exchange of ammonium acetate for diammonium
hydrogen citrate. (c) Larger separable crystals of suitable quality only
formed after the addition of gel filtration as a final purification step. (d)
SDS–PAGE of the 66.3 kDa protein crystals. The gel was stained with
Coomassie Brilliant Blue R/G. Lane 1, molecular-weight markers; lanes 2
and 5, protein solution used for crystallization (10 mM Tris–HCl pH 8.0);
lane 3, protein solution mixed with reservoir solution to achieve similar
final conditions and concentrations as in the crystallization drop; lane 4,
dissolved crystals.
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xenon gas chamber (Hampton Research, Aliso Viejo, USA) at

BESSY, Berlin. An initial data set was collected on beamline

BL14.2 using a wavelength of 1.700 Å in order to use the

anomalous signal of Xe atoms for experimental phasing.

However, no significant anomalous signal was detected by

SHELXC (data not shown). Therefore, a second data set was

collected at a wavelength of 1.900 Å using the same crystal in

order to determine the phases by means of sulfur SAD (see

Table 1). 1120 images of 1.0� were taken to ensure high

multiplicity of the data. The crystals belonged to the mono-

clinic space group C2, with unit-cell parameters a = 148.8,

b = 89.7, c = 65.0 Å, � = 98.7� and one molecule in the

asymmetric unit. An average redundancy of 23.0 was obtained

after 1120� of rotation, before radiation damage became a

serious problem as indicated by an increase in the R factor.

The damage was confirmed during model building, when

negative peaks became visible in the Fo � Fc difference map

for the carboxyl groups of some glutamate and aspartate side

chains. The data were processed with HKL-2000 and cut off at

a resolution of 2.40 Å. The scaled data were analyzed using

XPREP. As indicated by the Rp.i.m. value of 2.4%, the data

were of reasonable quality and enabled us to solve the

structure by means of sulfur/Xe SAD phasing using the xenon-

derivatized crystal. Data statistics are summarized in Table 1.

The crystal displayed a mosaicity of 0.76� and a unit-cell

volume of about 857 000 Å3. The d00/sig(d00) value output by

SHELXC as an estimate of the anomalous signal amounted to

a maximum of 1.81 in the inner resolution shell (1–8.0 Å) and

dropped below the threshold (0.80) at 3.0 Å, indicating the

presence of only moderate anomalous signal. Nevertheless,

using SHELXC/D and SHARP as implemented in auto-

SHARP, 22 heavy-atom sites could be identified in the

asymmetric unit and refined to reliable occupancies (0.36–

0.75; see x2). As suggested by SDS–PAGE analysis of

dissolved crystals, structure determination proved that the

crystals were composed of the 40 kDa and the 28 kDa frag-

ments in a 1:1 molar ratio. Thus, all cysteine residues of the

processed 66.3 kDa protein except for Cys157 and all

methionines were represented by significant peaks in the

anomalous difference map (six and 15 heavy-atom sites,

respectively). The heavy-atom sites are shown in Fig. 2(a)

together with the C� ribbon as well as the cysteine and

methionine side chains of the final model. Two disulfide

bridges are formed in the 66.3 kDa protein, namely between

Cys147 and Cys157 and between Cys497 and Cys500. Since a

peak for Cys157 only appears in the anomalous map at a

contour level below 3.5� and thus the respective S atom has

not been detected by SHELXD, the disulfide bond between

Cys147 and Cys157 only corresponds to a single significant

peak around Cys147 in the anomalous map and to one heavy-

atom position. In contrast, the second disulfide bond (between

Cys497 and Cys500) is represented by individual heavy-atom

sites refined to similar occupancies (0.36 and 0.42, respec-

tively) and by two separate peaks in the anomalous map as

shown in Fig. 2(b). At the resolution of 2.4 Å used for finding

the heavy-atom sites, disulfide bridges with a typical distance

of 2.1 Å between the S� atoms are commonly not represented

by individual peaks but appear together as so-called ‘super-

sulfurs’ (Sheldrick, 2008). The detection of individual peaks

for the Cys497–Cys500 disulfide bridge and a peak corre-

sponding to only one S� atom of the other cysteines suggest

that both S—S bonds have been partially reduced during

protein purification and crystallization owing to the absence of

a reducing agent or by radiation damage during data collec-

tion.

In addition to the peaks representing the intrinsic S atoms

of the protein in the anomalous difference map, one further
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Figure 2
(a) Anomalous difference map contoured at 4.0�. The map is coloured
dark green. One peak represents the Xe atom, which is indicated as a blue
sphere. For orientation, the C� trace of the refined 66.3 kDa protein
structure is shown with cysteine and methionine side chains in stick mode
and S atoms highlighted as yellow spheres. The two disulfide bonds are
marked with black arrows. (b) One of the two internal disulfide bridges is
represented by two individual peaks in the anomalous difference map and
enabled both cystine S atoms to be found. The anomalous map is
contoured at the 4.0� level. (c) Electron-density map after density
modification. One N-acetylglucosamine moiety of the glycan attached to
Asn115 (for example) is already clearly visible in the experimental map at
a level of 1.5� before the inclusion of any model phases and manual
intervention.

25



peak indicates the binding of an Xe atom at a specific site. The

xenon had been caught in a large hydrophobic pocket during a

xenon pressurization performed prior to data collection. In the

anomalous map it is represented by a peak at the 14.8� level,

while the S atom of Cys347 nearby gives rise to a peak of only

9.3�. However, a comparison with the anomalous densities of

the S� atoms of Met175 (14.3�) and Met171 (17.4�; the

strongest peak of all) also located in the close vicinity shows

that the Xe atom does not contribute excessively to the

anomalous signal. Additionally, there are no peaks of out-

standing intensity in the v = 0 Harker section shown in Fig. 3.

For successful sulfur SAD phasing, the error in the observed

intensities as described by the merging R factor Rp.i.m. (Weiss,

2001) has to be significantly smaller than the observed signal

described by the anomalous R factor Ranom [Weiss et al., 2001;

Ranom = 100 �
P

hkl jIðhklÞ � Ið�h� k� lÞj=
P

hklhIðhklÞi,

Rp.i.m. = 100 �
P

hkl½1=ðN � 1Þ�1=2 P
i jIiðhklÞ � hIðhklÞij=P

hkl

P
i IiðhklÞ]. Accordingly, Weiss and coworkers consider

an Ranom/Rp.i.m. ratio of 1.5 to be favourable. For the data

presented here, the Ranom/Rp.i.m. ratio is only 1.8%/1.7% = 1.1

and thus at first would seem to prevent sulfur SAD phasing

(Rp.i.m. for all I+ and I�). However, as described in this paper,

these data were successfully used to determine the structure of

the 66.3 kDa protein, thus extending the previous lower limit

for the Ranom/Rp.i.m. ratio of 1.5 significantly to 1.1. In contrast,

the second frequently used indicator of the amount of

anomalous signal, the estimated Bijvoet intensity ratio �, had

been promising from the beginning. It can be calculated using

the equation � = h�F anom
i/hFi = (2NA/NP)1/2/(f 00A/f O

eff), where

NA is the number of anomalous scatterers and NP is the total

number of protein atoms and with the atomic scattering factor

f O
eff = 6.7 of an ‘average’ protein atom (Hendrickson & Teeter,

1981; �F anom = �F�). For the 66.3 kDa protein with 22

expected anomalously scattering S atoms of about 4400 atoms

in the whole structure with a theoretical value of f 00S = 0.82 at

1.900 Å, the expected Bijvoet ratio amounts to about 1.8%.

Bijvoet ratios in the same range have been reported, for

example, for lima bean trypsin inhibitor (1.96%) with data

collected at 1.54 Å (Debreczeni, Bunkóczi, Girmann et al.,

2003) as well as for the protein TT0570 (1.1%), the structure

of which was determined by Watanabe and coworkers using a

recently developed loopless free crystal mounting as well as a

Cu/Cr dual-wavelength system (Watanabe, 2006). Previously,

with commonly used cryoloops, a Bijvoet ratio of only 0.6%

had been predicted by Wang to be sufficient for successful

SAD phasing (Wang, 1985).

The experimental map obtained for the 66.3 kDa protein

was of excellent quality. Some glyosylations were already

visible in the electron-density map prior to manual interven-

tion, e.g. an N-acetylglucosamine moiety at Asn115 as shown

in Fig. 2(c).

3.3. Relative contribution of the Xe and the S atoms to the
anomalous scattering: requirements for phasing

The Xe atom, which was caught in a hydrophobic pocket

during pressurization with xenon gas, was not essential for

phase determination. A comparison of the occupancies of the

22 sulfur sites with that of the single xenon site showed that
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Figure 3
Anomalous difference Patterson map. Sharpened map of the Harker
section v = 0 calculated at a resolution of 2.4 Å. Contours are in
increments of 1.3� and are coloured differently for each level.

Table 2
Comparison of the phasing statistics with and without the use of the
anomalous signal of the Xe atom as output by SHARP.

Automatic model building was performed in 100 cycles of ARP/wARP and
REFMAC5. For comparison, the statistics from autoSHARP (using the Xe
atom, but treating it like the S atoms) are also given.

Phasing statistics
autoSHARP
(Xe as S)

Including the
Xe atom
in SHARP

SHARP without
the Xe atom as
a heavy-atom site

Phasing power (SHARP) 0.47 0.47 0.47
RCullis 0.95 0.95 0.95
FOMacentric 0.25 0.25 0.25
Rwork from REFMAC5

(ARP/wARP cycling) (%)
25.0 27.3 27.7

Table 3
Occupancies and temperature factors of the heavy-atom sites.

A comparison of the occupancies of the xenon site and the S atoms as output
by SHARP clearly reveals that the Xe atom detected as sulfur does not
contribute greatly to the anomalous signal.

Heavy-atom site Occupancy B factor (Å2) Residue

1 0.75 64.9 Cys249
2 0.72 78.6 Met384
3 0.69 70.1 Cys147
4 0.68 44.1 Met140
5 0.65 33.3 Met171
6 0.61 45.8 Met551
7 0.60 34.4 Met275
8 0.59 38.0 Met575
9 0.59 54.1 Met585
10 0.57† 41.8 Xe
11 0.56 43.6 Met578
12 0.56 35.6 Met175
13 0.52 36.9 Met137
14 0.49 35.9 Met480
15 0.48 45.3 Met477
16 0.47 33.3 Met484
17 0.46 35.7 Cys562
18 0.42 23.2 Cys500
19 0.37 27.8 Met412
20 0.37 41.1 Cys347
21 0.36 20.2 Met549
22 0.36 26.7 Cys497

† The value of the occupancy of the Xe atom does not reflect its real occupancy, since the
Xe atom was treated as an S atom during refinement of the heavy-atom sites (see text for
details).
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the Xe atom only contributed about 5% of the overall occu-

pancies of all anomalous scatterers and thus can be regarded

as not being a prerequisite for successful phasing. In order to

prove the negligible contribution of the Xe atom with the

available data, phase determination was carried out explicitly

omitting the xenon site in calculations using SHARP. A

comparison of the initial electron-density maps clearly shows

that there are no significant differences between the maps

calculated in the absence or the presence of the Xe atom as a

heavy-atom site (see Fig. 4). The phasing statistics for both

procedures are summarized in Table 2. According to the

program MAPMAN (Kleywegt & Jones, 1996), the correlation

coefficient for the two maps amounts to 0.75. The quality of

both maps enabled automatic model building with ARP/

wARP (Perrakis et al., 1999).

The minor contribution of the Xe atom to the anomalous

signal reflects its quite low occupancy in the crystal, which can

be explained as follows. During autoSHARP calculations for

the determination of the 66.3 kDa protein structure, the Xe

atom was assumed to display the same properties as the 21 S
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Figure 4
Comparison of the experimental electron-density maps after density modification providing SHARP with input parameters with heavy-atom sites
including and lacking the Xe atom, respectively. The maps are coloured blue and green, respectively, and are contoured at the 1.5� level. (a) The section
encompassing several neighbouring molecules shows a clear solvent boundary. (b) The �-strands forming a �-sheet are well defined in the electron-
density map. (c, d) Density for an �-helical structure is also visible, viewed from the top (c) and from the side (d) of the helix, respectively. (e, f) Close-up
views of the side chains of Lys340 at the surface (e) and Phe371 in the hydrophobic core of the protein (f), respectively.
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atoms used for phasing. Therefore, the occupancy of the Xe

atom listed in Table 3 (0.57) was refined based on the

assumption that the site was occupied by an S atom. In order

to obtain the actual occupancy of the Xe atom, a correction

factor has to be applied to the value listed in Table 3. This

correction factor has to take into account the relationship

between the anomalous signals of S and Xe atoms. At the

wavelength of 1.9000 Å at which the SAD data were collected,

an f 00 value of about 10.29 is expected for an Xe atom, while

sulfur only exhibits a value of f 00 ’ 0.82. Therefore, a fully

occupied xenon site commonly provides a signal with an

intensity 12.5 times as high as that of a fully occupied sulfur

site. Thus, the correction factor for calculation of the occu-

pancy of the xenon site amounts to 12.5 and the occupancy of

0.57 for the xenon site (Table 3) has to be divided by 12.5,

resulting in an actual occupancy of only 0.046. However, the

mean occupancy of the S atoms used for phasing amounts to

only 0.54 (see Table 3) instead of the theoretical value of 1.0

for an intrinsic protein atom, indicating that the occupancy of

all heavy-atom sites is likely to be underestimated by a factor

of about 1.85. Even upon application of this further correction

factor, the Xe atom seems to be bound in a maximum of 8.5%

of all molecules of the 66.3 kDa protein forming the crystal.

Thus, an occupancy of 0.1 has been assigned to the Xe atom in

the structure (PDB code 3fbx).

3.4. Model building

Starting with an initial model from ARP/wARP (Perrakis et

al., 1999), the structure of the 66.3 kDa protein was completed

manually by cycling between Coot and REFMAC5. 520 resi-

dues (Val63–Thr238 and Cys249–Pro592) were included in the

final structure, which was refined to R factors of Rwork = 15.6%

and Rfree = 19.8%. In the Ramachandran plot, 90.7% of the

residues are located in the core region and 8.9% lie in allowed

regions, while only 0.4% of the residues belong to the gener-

ously allowed region. There are no residues in the disallowed

region. Stereochemical analysis with PROCHECK (Las-

kowski et al., 1993) detected cis-peptide conformations for two

prolines (Pro502 and Pro592) and for three nonproline resi-

dues: Gly76, Gly155 and Asp316. For the first N-terminal

residues Leu47–Pro62, the last C-terminal residues Trp593 and

Asp594 and the 11 residues of the C-terminal affinity tag, no

electron density was visible in the final map. Amino acids

Asn239–Ser248 were also omitted from the model owing to a

lack of unambiguous density. However, there is some

remaining electron density near Arg531 which might repre-

sent some of the missing residues. At the five putative glyco-

sylation sites of the 66.3 kDa protein (Deuschl et al., 2006),

Asn93, Asn115, Asn236, Asn441 and Asn520, some additional

density is present that indicates the presence of N-acetyl-

glucosamine (NAG) moieties attached to the asparagine side

chains. Of these modifications, two NAG moieties at Asn115

as well as one NAG moiety each at Asn236, Asn441 and

Asn520 were clearly defined in the electron-density map and

thus were included in the final model. The electron density for

the second sugar moiety at Asn115 was not directly visible

after density modification (Fig. 2c) but improved during

refinement. The 66.3 kDa protein is a rigid structure with 17

�-strands, 13 �-helices and six 310-helices. The �-strands are

arranged in two stacked antiparallel �-sheets, which are

flanked by helices on both sides.

4. Conclusions

In this work, the lysosomal 66.3 kDa protein from mouse was

crystallized in the monoclinic space group C2 and its structure

was determined by means of sulfur/Xe SAD phasing. How-

ever, the contribution of the Xe atom to the overall scattering

and therefore to the phasing power was not required for

successful phase determination. The structure obtained is to

our knowledge one of the largest structures that has been

shown to be feasible for structure determination by sulfur

SAD to date and belongs to a small group of proteins crys-

tallized in monoclinic space groups that have been solved

successfully using this method.

During phase improvement in autoSHARP, different values

of the solvent content were systematically tested in steps of

3.0% using SOLOMON (Abrahams & Leslie, 1996). Valuable

phase information for determining the 66.3 kDa protein

structure was only provided for a solvent content of 56.4%.

Thus, as previously stated by Watanabe et al. (2005), the

solvent content and consequently density-improvement pro-

cedures such as solvent flattening and solvent flipping seem to

play an essential role in sulfur SAD phasing.

Especially for the 66.3 kDa protein, the use of the anom-

alous signal of intrinsic S atoms was a valuable alternative to

standard experimental phasing procedures for the following

reasons. The expression system, a human fibrosarcoma cell

line, allowed neither a high yield, which is required for

extensive screening of heavy-atom derivatives, nor efficient

incorporation of selenomethionine. The latter issue may also

have been the reason that we could not obtain crystals in

conditions containing the appropriately modified 66.3 kDa

protein.

To the best of our knowledge, the only structure of similar

molecular weight that has been solved by sulfur SAD phasing

is that of the 69 kDa protein TT0570 from T. thermophilus

(Watanabe et al., 2005). In contrast to the procedure described

here, Watanabe and coworkers did not use synchroton

radiation at a wavelength of 1.9000 Å and a standard loop and

mounting system, but applied longer wavelength Cr K�
radiation and a recently developed mounting technique that

reduces the absorption by the cryobuffer and cryoloop

(Kitago et al., 2005). The most important difference concerns

the respective space group: the 66.3 kDa protein formed

monoclinic crystals, whereas TT0570 crystallized in P21212, a

space group of higher symmetry. The challenge in the use of

sulfur SAD phasing for monoclinic or even triclinic crystals

also became obvious in a broad study of 23 different crystal

forms by Mueller-Dieckmann et al. (2007). In this study,

neither the structures of three monoclinic crystal forms nor

that of a triclinic crystal form could be solved automatically by

sulfur SAD, while submission to the AutoRickshaw pipeline
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(Panjikar et al., 2005) was successful for the majority of the

higher symmetry examples. The determination of the 66.3 kDa

protein structure is an extraordinary example of successful

sulfur SAD phasing in that the protein is not only larger than

most structures solved by this method so far, but was also

crystallized in a low-symmetry space group (C2). Hence, this

work is encouraging for the wider application of this experi-

mental phasing procedure, since it uses only the anomalous

signal of intrinsic protein atoms, obviating the need for crystal

derivatization with heavy atoms.

The diffraction experiments were carried out on beamline

BL14.2 of BESSY and Freie Universität Berlin at BESSY. We

thank Georg Zocher for excellent help during data collection.

This work was supported by Deutsche Forschungsgemein-

schaft Grant LU 1173/1-4 to TL.
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3.3.    SUPPLEMENTARY MATERIAL 

The data presented in the following were not included as supplementary material in the 

publication, but enable a more detailed insight into the structure determination procedure and 

the obtained results. 

After the anion exchange chromatography step, the 66.3 kDa protein was purified to 

homogeneity, but still comprised the one chain 66.3 kDa form and the two chain form 

composed of the 28 kDa and 40 kDa fragment. The addition of gel filtration as the final 

purification step was intended to separate the three polypeptides from each other. 

Surprisingly, they eluted in a single peak (Fig. I-7). Nevertheless, size exclusion 

chromatography was required to obtain well diffracting crystals. P utative reasons for this 

optimization are discussed in chapter 5. 

 
(a)                                                                    (b) 
 
 

(c)    

Fig. I-7. Final purification step of the 66.3 kDa protein (size 
exclusion chromatography). The three comprised polypeptides 
are indicated by arrows. (a) SDS-PAGE analysis of the 
concentrated solution of the 66.3 kDa protein after anion 
exchange chromatography (AE), which was used for initial 
crystallization trials. (b) Chromatogram of the subsequently 
added gel filtration step (Superdex S200 10/300,                      
GE Healthcare, 10 mM Tris/HCl pH 8.0). Blue and green lines 
represent the extinction at a wavelength of 280 nm and        
260 nm, respectively. The red line indicates the conductivity. 
The elution volume is given in ml. (c) SDS-PAGE analysis of the 
concentrated solution of the 66.3 kDa protein after size 
exclusion chromatography (lane “S200”, black bar in (b)) in 
comparison with the solution loaded onto the column (lane 
“AE”). MW = Molecular weight marker (Fermentas), the MW is 
indicated in kDa. 
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A crystal obtained from the 66.3 kDa protein that had been purified by this additional gel 

filtration step was used for the sulfur SAD phasing described in chapter 3. For this experiment 

beam stop and detector were set as close as possible in order to reduce absorption by air. The 

latter is a major challenge at long wavelengths since it reduces the beam intensity 

significantly. Moreover, radical formation causing secondary radiation damage represents a 

problem at long wavelengths. Radiation damage increased significantly during data collection 

as became obvious in the diffraction patterns (Fig. I-8), the R factor for each image as well as 

the overall R factor and later - during structure refinement - in negative peaks in the FoFc 

difference map for side chain carboxyl groups.  

               

Fig. I-8. Diffraction images taken in the course of the sulfur SAD phasing experiment. From left to 
right: images 1, 1120, 1440 with decreasing number and intensity of the spots due to an increase in 
radiation damage. The shadow in the upper left corner is caused by the beam stop.  

In order to reduce the effects of radiation damage such as a decreased signal to noise ratio, 

while still obtaining the required multiplicity of reflections, only the first 1120 images were 

used for data processing. In general, to reduce radiation damage, the highest dose should be 

used, since else than expected, the higher the radiation dose, the less is the radiation damage. 

However, the synchrotron beamline on which the diffraction data were collected (BL-14.2) 

required a minimum exposure time of 3 seconds in order to average out fluctuations in the X-

ray beam. Thus, an aluminium foil was used for reduction of the X-ray beam intensity during 

data collection with 3.2 seconds exposure time per image. Altogether, these data show that the 

importance of a data collection strategy which takes into account spot intensities, resolution 

and radiation damage cannot be overvalued in order to find the best compromise between all 

these parameters. 

31



Part I   -   3. De Novo Sulfur SAD Phasing of the Lysosomal 66.3 kDa Protein from Mouse 

 

 

 

For the successful determination of the 66.3 kDa protein structure, phase improvement by 

solvent flattening and histogram matching turned out to have predominantly important roles. 

Electron density maps before and after these procedures are represented in Fig. I-9 together 

with the initial structure obtained by automatic model building.  

     
(a)                                           (b)                                              (c) 

  

(d) 

Subsequent to successful phase determination, the contributions of 21 sulfur atoms and a 

single xenon atom of the heavy atom substructure were compared.  

 

(a) S                                                                  (b) Xe 

Fig. I-10. Plots of theoretical f' and f'' values for sulfur (left, see also Fig. I-6) and xenon (right). 
(http://skuld.bmsc.washington.edu/scatter/AS_form.html). 

 

The huge difference of sulfur and xenon atoms in the anomalous scatte ring factors f' and f'' at 

long wavelengths becomes obvious when comparing the respective plots (F ig. I-10). In  

Fig. I-9. Electron density maps before (a) and after phase 
improvement by solvent flattening (b) and histogram matching (c). 
The comparison of the maps shows how the boundary between 
protein molecules and solvent channels became obvious during 
the structure determination procedure. The final structure is 
shown as a Cα trace and coloured in pink and green for the single 
molecule in the asu and its symmetry equivalents, respectively. (d) 
Initial model obtained by automatic model building as a Cα trace 
and coloured according to the comprised polypeptide chains. 
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contrast to sulfur, xenon exhibits two absorption edges. However, the corresponding 

wavelength cannot easily be reached at most synchrotron beamlines and thus xenon is not 

feasible for MAD phasing (Multiple Anomalous Dispersion). A gas for soaking crystals 

which is suitable for this purpose is crypton.  

 

4. INITIAL INSIGHT INTO THE FUNCTION OF THE LYSOSOMAL       

66.3 KDA PROTEIN FROM MOUSE BY MEANS OF X-RAY 

CRYSTALLOGRAPHY 

 

4.1.     OBJECTIVES AND AUTHORS` CONTRIBUTIONS 

In a follow-up to the previously described publication, this work (submitted manuscript) 

reports on the structural analysis of the 66.3 kDa structure. It includes the refinement of the  

2.4 Å structure obtained by sulfur SAD phasing (cf. chapter 3) to a higher resolution (1.8 Å) 

enabling the placing of four additional amino acid residues as well as of two structures 

derived from additional data sets which were collected using further crystals. The three 

structures were deposited in the Protein Data Bank (PDB) with the codes 3FGR, 3FGT and 

3FGW. They represent different steps of the maturation process of the 66.3 kDa protein and 

thus were compared in detail. Searching the PDB for structura l homologues revealed several 

proteins with significant similarity, which all belong to the same superfamily. Due to 

expanded analogy to these enzymes, the 66.3 kDa protein could be classified as an N-terminal 

nucleophile (Ntn) hydrolase as well. Based on these results, a putative hydrolytic activity on 

non-peptidic amide bonds and potential substrates as well as a presumable autoproteolytic 

mechanism of enzyme activation were derived and are outlined in this manuscript. Following 

biochemical experiments, in particular an activity assay on N-acylethanolamines as potential 

substrates, are currently performed in the laboratory of Prof. Dr. Torben Lübke (Center of 

Biochemistry and Molecular Cell Biology, Department Biochemistry II, GZMB, Georg-

August University Göttingen).  

As for the publication regarding the structure determination of the 66.3 kDa protein (chapter 

3), pure protein was produced in the laboratory of Prof. Dr. Torben Lübke up to the anion 
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exchange chromatography step. Subsequently, I performed procedures required for crystal 

growth such as a final purification step (gel filtration) and protein concentration, 

crystallization of the different maturation states of the 66.3 kDa protein, data collection and 

processing. My further contributions with Prof. Dr. Ralf Ficner as my supervisor and support 

by Dr. Achim Dickmanns (Department of Molecular Structural Biology, Institute of 

Microbiology and Genetics, GZMB, Georg-August University Göttingen) comprise the 

structure determination, refinement including PDB depositions and analysis as well as 

detailed comparison of the three 66.3 kDa structures with each other and with structural 

homologues. After classification of the 66.3 kDa protein as an N-terminal nucleophile 

hydrolase and based on the detection of significant similarity in particular to two bacterial 

acylases, the hypothesis concerning putative substrates initially was conceived by Prof. Dr. 

Torben Lübke and subsequently revised and surveyed and discussed in detail by all 

contributors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.  SUBMITTED MANUSCRIPT “INITIAL INSIGHT INTO THE FUNCTION OF 

THE LYSOSOMAL 66.3 KDA PROTEIN FROM MOUSE BY MEANS OF      
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ABSTRACT 

The lysosomal 66.3 kDa protein from mouse is a soluble, mannose 6-phosphate containing 

protein of so far unknown function. It is synthesized as a glycosylated 75 kDa precursor that 

undergoes limited proteolysis leading to a 28 kDa N-terminal fragment and a 40 kDa C-

terminal fragment. In order to gain insight into its function, the glycosylated 66.3 kDa protein 

from mouse was crystallized, and its structure was solved by means of sulphur SAD phasing. 

Here, we report three different crystal structures of the 66.3 kDa protein representing different 

states of the maturation process. These structures demonstrate that the fragments of the 

proteolytic cleavage process remain associated. The crystal structures reveal a significant 

similarity of the 66.3 kDa protein to several bacterial hydrolases. The core αββα sandwich 

fold and a cysteine residue at the N-terminus of the 40 kDa fragment (C249) classify the      

66.3 kDa protein as a member of the structurally defined N-terminal nucleophile (Ntn) 

hydrolase superfamily. The 66.3 kDa protein closely resembles conjugated bile acid hydrolase 

(CBAH) and penicillin V acylase (PVA) suggesting a hydrolytic activity on non-peptide 

amide bonds. The similarity to these bacterial proteins also implies an autocatalytic 

maturation of the lysosomal 66.3 kDa protein. Upon cleavage between S248 and C249, a deep 

pocket becomes solvent accessible which harbors the putative active site of the 66.3 kDa 

protein. 

 

KEYWORDS 

66.3 kDa protein, lysosomal degradation, N-terminal nucleophile hydrolase,                          

N-acylethanolamines, structure-function relationship, crystal structure 
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INTRODUCTION 

In order to spatially separate the vast number of divergent reactions carried out by 

intracellular enzymes, eukaryotic cells are compartmentalized into several membrane-bound 

organelles. Among these organelles, the lysosomal compartment contains more than              

50 hydrolases required for degradation of macromolecules or even whole organelles entering 

the lysosome by endocytotic or autophagic pathways (1, 2); reviewed in (3).  

This degradation process and thus the hydrolases involved are essential for the cell as 

reflected by the manifestation of severe diseases caused by the accumulation of undigested 

substrates in the lysosome due to the lack of hydrolytic enzyme activities. The associated 

pathogenic phenotypes are collectively referred to as “lysosomal storage diseases” (reviewed 

in (4)). However, the lysosomal compartment does not only serve as a digestive compartment 

but also plays a key role in many other cellular processes like modulation of peptide 

hormones and bioactive lipids, tissue homeostasis, inflammation (5-8) as well as 

neuroprotection (9). Furthermore, lysosomes are involved in the pathogenesis of Alzheimer 

disease (10), autoimmune diseases and in the initiation and progression of cancer (11). 

Recently, several proteome studies of the lysosomal compartment have identified a 

considerable set of novel lysosomal proteins. Most of these sub-proteomic studies took 

advantage of a specific carbohydrate modification, the mannose 6-phosphate residue (M6P), 

of newly synthesized soluble lysosomal proteins (1, 2, 12-16) as reviewed in (3). In vivo, 

M6P-containing proteins are recognized by mannose 6-phosphate receptors (MPRs) at the 

trans-Golgi network (TGN) and transported to endosomes, where the receptor- ligand complex 

dissociates due to the acidic pH. Finally, the M6P-containing proteins are delivered to 

lysosomes, while the MPRs return to the TGN. In most lysosomal sub-proteome analyses, 

M6P-containing proteins were purified by affinity chromatography on immobilized MPRs 

and subsequently analyzed by mass spectrometry-based techniques.  
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One novel protein that was identified in tissues derived from mouse, rat and human was 

referred to as hypothetical 66.3 kDa protein (14-16).  

Subsequently, the murine 66.3 kDa protein (17) and its human ortholog p76 (18) were 

characterized in more detail regarding their lysosomal localization, processing and 

glycosylation status. The maturation of the orthologs from mouse and human includes both, 

limited proteolysis and the usage of all five and six potential N-glycosylation sites, 

respectively. The murine 66.3 kDa protein is synthesized as glycosylated preproprotein of 

about 75 kDa in apparent molecular mass. After the co-translational removal of the               

N-terminal signal peptide, the remaining proprotein is sorted to the lysosomal compartment 

and matures into a 28 kDa N-terminal fragment and a 40 kDa C-terminal fragment (17) which 

might be further processed into a 25 kDa N- and a 15 kDa C-terminal fragment (unpublished 

data T.L.). A similar processing was described for the human ortholog p76 resulting in a        

32 kDa N-terminal fragment and a 45 kDa C-terminal fragment (18). The same authors 

suggested an additional maturation step for the 40 kDa fragment from mouse into a               

C-terminal 27 kDa fragment. Such a limited proteolysis in the endosomal / lysosomal 

compartment is a common hallmark of lysosomal hydrolases and a prerequisite to their 

hydrolytic activation (19).  

The 66.3 kDa protein is conserved among vertebrates and shows homology to the Lamina 

ancestor precursor of Drosophila melanogaster (20) (29 % identity for 416 aligned residues), 

the ribonuclease P protein subunit p30 of Entamoeba histolytica (21) (30 % for 349 aligned 

residues from C249 to I505), phospholipase B from Dictyostelium discoideum (22)                

(39% identity for 518 aligned residues) as well as to the highly glycosylated integral 

membrane protein p67 from Trypanosoma brucei (33% identity for 473 aligned residues) (17, 

18, 23, 24). The trypanosomal protein p67 has recently been demonstrated to be essential for 

maintenance of normal lysosomal structure and physiology in bloodstream-stage cells (25).  
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In contrast, no homologuous proteins of the 66.3 kDa protein have been found in yeast and 

in prokaryotes. 

However, since neither bioinformatics analysis nor the detailed characterization of the 

mouse lysosomal 66.3 kDa protein and its human ortholog p76 have provided any hint 

regarding the activity and the physiological function we determined the three-dimensional 

structure of the mouse 66.3 kDa protein. This work demonstrates that the 66.3 kDa protein 

belongs to the superfamily of N-terminal nucleophile (Ntn) hydrolases. Despite the lack of a 

significant sequence similarity there is a close resemblance to several bacterial hydrolases 

regarding the protein fold and residues forming the catalytic centre. Furthermore, a detailed 

comparison of the three crystal structures of the 66.3 kDa protein reported here with the 

homologuous structures provide initial insight into its catalytic activity as well as suggest a 

mechanism of the enzyme`s activation by an autocatalytic proteolysis.  

 

 

EXPERIMENTAL METHODS 

Data collection and structure determination 

The glycosylated 66.3 kDa protein from mouse was produced by overexpression in the 

human fibrosarcoma cell line HT1080 and purified as described (17) except for some minor 

modifications that are summarized below. The protein was crystallized under acidic 

conditions and the structure was solved at 2.40 Å by means of sulphur SAD (S-SAD) phasing 

using long wavelength radiation (25). The three data sets described in the following had been 

collected prior to the S-SAD experiment. At a shorter wavelength (0.8141 Å) a data set was 

collected from the same crystal that was used for the S-SAD (data set “xe1h”, PDB-ID 3FGR) 

on the BESSY beamline BL-14.2 which was equipped with an SX165 detector (Rayonics 

LLC, Illinois, USA), and processed with HKL2000 (HKL Research, Inc., Charlottesville, 

VA). Two additional data sets had been collected previously from a native crystal (data set 
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“native”, PDB-ID 3FGT) and from a crystal soaked with potassium iodide (data set “KI”, 

PDB-ID 3FGW). While the protein batch used for the S-SAD phasing was subjected to size 

exclusion chromatography, the final gel filtration step had not been added to the previously 

established purification protocol in the cases of the crystals used to collect the data sets 

„native“ and „KI”. The crystal, on which the native data set was collected on, was grown 

under the previously described conditions, whereas the crystal for the KI data set was 

obtained under slightly different conditions. Instead of 10 mM Tris/HCl pH 8.0 (25), the 

concentrated protein was dissolved in a buffer system of 70 mM NaCl and 5 mM 

NaH2PO4/Na2HPO4 pH 7.4. Furthermore, the crystallization drop was composed of 0.7 μl of 

protein solution (23 mg/ml) and reservoir each (12 % (w/v) PEG 4000, 100 mM NaAc/HAc 

pH 4.6, 100 mM NH4Ac). Thus, the final salt concentration was slightly reduced by about 19 

% and Tris was exchanged by (di)hydrogen phosphate.  

The data sets “native” and “KI” were collected on the DESY beamline X13 (DESY, 

Hamburg, Germany) which was equipped with a marccd165 detector (Marresearch GmbH, 

Norderstedt, Germany) and on the BESSY beamline BL-14.1 (BESSY, Berlin, Germany) on 

a marmosaic225 detector (Marresearch GmbH, Norderstedt, Germany), respectively. The 

images of both data sets were integrated with XDS (26) and scaled using SCALA of the 

CCP4 program suite (27). The iodide soaked crystal diffracted only to 3.2 Å. and severely 

suffered from radiation damage. However, a 97 % complete data set with a reasonable                  

R factor of Rp.i.m. = 7.3 % could be obtained. The three structures derived from the different 

data sets were solved by means of Molecular Replacement with MOLREP (28) using the          

2.4 Å structure of the 66.3 kDa protein as a search model (25) and manually completed by 

cycling between REFMAC5 from the CCP4 program suite and COOT (29). Data collection 

and refinement statistics for the three structures are summarized in Tab. 1.  
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Structure analysis 

Four structures of the 66.3 kDa protein have been refined and deposited with the Protein 

Databank. The structure 3FBX has been solved by SAD and is published elsewhere [25]. This 

work describes structures of the cleaved forms 3FGR (xe1h) and 3FGT (native) as well as of 

the “uncleaved form” 3FGW (KI).  

The final 1.8 Å structure of crystal form I (PDB-ID 3FGR) includes 524 amino acid 

residues. While V63-T238 and G245-S248 belong to the polypeptide chain A, C249-P592 

form the continuous chain B. Additionally, five N-glycans are included in the final structure. 

Two N-acetylglucosamine (NAG) moieties are linked to N115 and N441 each, while only one 

NAG moiety each could be placed at N93, N236 and N520. One xenon atom that had been 

caught in a hydrophobic pocket during a soak in a xenon gas chamber (25) and one sodium 

ion as well as two acetate anions from the crystallization buffer and eleven glycerol molecules 

from the cryo protecting solution are included in the solvent model. SIOCS (version 2007/07 

alpha_test 0.1; Heisen & Sheldrick, in preparation) was used for prediction of the amide / 

imidazole orientations of asparagine, glutamine and histidine side cha ins. The final structure 

was refined to R factors of Rwork = 15.2 % and Rfree = 18.2 % with a FOM (figure of merit) of 

0.90. The stereochemical analysis of the refined structure with PROCHECK (30) detected 

two proline residues (P502 and P592) as well as one aspartate residue (D316) to exhibit a cis 

peptide conformation and six residues with torsion angles outside the expected Ramachandran 

regions (M275, S306, N394, R401, Y431 and H577).  

In contrast to the structure 3FGR, the native 2.4 Å structure 3FGT comprises three more 

residues at the N-terminus (D60-P62) and one additional residue in the intermediate region of 

the sequence, namely N239, but lacks four amino acids at the C-terminus of chain A (G245-

S248). Chain B contains the same residues as in 3FGR resulting in altogether 524 amino acids 

in 3FGT (D60-N239, C249-P592). In the structure 3FGT, four NAG moieties are attached to 

the residues N115 (2 NAGs), N236 (1 NAG) and N441 (1 NAG), respectively. Thus, 

42



Part I   -   4. Initial Insight into the Funtion of the Lysosomal 66.3 kDa Protein from Mouse 

 
compared to the structure 3FGR, the structure 3FGT lacks the NAG residues at N93 and 

N520 and one NAG of the glycan linked to N115. Three acetate anions as well as five 

glycerol, one triethylene glycol and two tetraethylene glycol molecules are included in the 

solvent model of the structure 3FGT. 

The structure derived from the KI derivative crystal (PDB-ID 3FGW) includes the residues 

V63-N239 and G245-P592. It includes the same residues as 3FGR with the following 

exceptions. Additionally, N239 could be placed, but G245-S248 are connected to C249 in the 

structure 3FGW. The structure 3FGW contains five NAG moieties and one mannose (MAN) 

moiety (1 NAG each at N93, N236 and N441 as well as 2 NAGs and 1 MAN at N115). 

Furthermore, the solvent model of 3FGW comprises four glycerol molecules and nine iodide 

anions. 

 

Superpositions for the determination of root mean square deviations (r.m.s.d.s) between two 

structures as well as for graphical comparison were performed with the program 

SUPERPOSE of the CCP4 program suite using the superposition of specified atoms if 

possible (for 3FGR, 3FGT and 3FGW) and secondary structure matching for less related 

structures (e.g. lysosomal AGA). For superposition with the about 330 amino acids containing 

enzymes PVA and CBAH only chain B of the 66.3 kDa protein (344 aa, 3FGR) was used, 

while the whole molecule served as the reference for the larger structures of cephalosporin 

acylase and penicillin G acylase (557 residues). Calculations of the electrostatic surface 

potential were performed with DELPHI 4.1 (31). 

 

Figure preparation 

Figures 1a, 2, 3 and 5-7 as well as the supplementary figures S2 and S3 were prepared with 

PyMOL (32), whereas Figures 4 and S4 were prepared with CCP4 MOLECULAR 

GRAPHICS (33). Fig. S5 was prepared with CHEMSKETCH (34).  
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RESULTS AND DISCUSSION  

Structure determination 

The glycosylated lysosomal 66.3 kDa protein from mouse was produced by overexpression 

in the human fibrosarcoma cell line HT1080 and purified as described (17). Since the         

66.3 kDa protein and its proteolytic 28 kDa and 40 kDa fragments could not be separated, the 

mixture containing all three polypeptide chains was used for crystallization. Two different 

crystal forms were obtained under acidic conditions close to the physiological pH of the 

lysosomal compartment. Crystals of form I belong to space group C2 with cell constants         

a = 148.7 Å, b = 89.6 Å, c =64.8 Å and β = 98.7° and contain one molecule in the asymmetric 

unit. The crystals of form II exhibit the same space group (C2) with one molecule in the 

asymmetric unit, but differ in cell parameters (a = 147.1 Å, b = 88.6 Å, c = 73.5 Å and β = 

110.9°). The crystal form II was obtained under slightly different conditions concerning the 

composition of both, the protein and the reservoir solution as described in materials and 

methods. The 2.4 Å structure 3FBX of the 66.3 kDa protein, which includes the residues     

63-238 and 249-592, was previously obtained by means of sulphur SAD phasing (25) and 

revealed the 28 kDa N-terminal and the 40 kDa C-terminal fragments of the cleaved 66.3 kDa 

protein still to form one globular entity. Now, this crystal structure has been further refined to 

a resolution of 1.80 Å using another data set (PDB-ID 3FGR).  

In the course of solving the crystallographic phase problem, additional data sets were 

collected which turned out to be of interest as they represent different states of the maturation 

process of the 66.3 kDa protein. Diffraction data from a native crystal of crystal form I at a 

resolution of 2.4 Å (3FGT) and from a non-isomorphous, potassium iodide soaked crystal 

(crystal form II) which diffracted only to 3.2 Å (3FGW), were analyzed in detail. The crystal 

structures described here were solved by means of Molecular Replacement using the initial 

structure of the 66.3 kDa protein (3FBX). The crystal packing of crystal forms I and II is quite 

different regarding the deviations in the length of the c axis (Δ 8.7 Å) as well as the β angle  
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(Δ 12.2°). While the protein monomers are arranged in a head-to-tail like manner in crystal 

form I (3FGR, 3FGT), two symmetry equivalent molecules form contacts head-to-head with 

each other in crystal form II (3FGW).  

The three crystal structures were refined to final R factors of Rwork = 15.2 % and                

Rfree = 18.3 % (3FGR), Rwork = 16.5 % and Rfree = 21.1 % (3FGT) and Rwork = 21.6 % and   

Rfree = 28.0 % (3FGW). Data collection and refinement statistics are summarized in Table 1.  

 

The final structure 3FGR with the highest resolution of the three described structures, 

contains 180 residues of the N-terminal 28 kDa fragment and 344 residues of the C-terminal 

40 kDa fragment (V63-T238 and G245-S248 in chain A, C249-P592 in chain B) (Tab. 1; 

Figs. 1, 2, S1). The N-terminal amino acids L47-P62, N239-L244 as well as the last              

C-terminal residues (W593, D594 and the eleven residues of the C-terminal affinity tag) are 

missing due to the lack of unambiguously interpretable electron density. However, the 

structure 3FGR comprises the residues G245-S248 which could not be built in the initial 

structure (3FBX). Besides the loop residues 73-75, only T238 exhibits an average temperature 

factor of B > 45 Å2. The average temperature factor of 24.1 Å2 for the amino acids of chain A 

and even only 19.5 Å2 for that of chain B indicates an overall well defined conformation of 

the 66.3 kDa protein structure.  

Non-interpreted electron density was found at the sulfhydryl group of C249, which is the    

N-terminal cysteine of the 40 kDa fragment. This sulfhydryl group appears to be partially 

oxidized (Fig. 3) which could be a consequence of the fact that the 66.3 kDa protein was 

purified and crystallized in the absence of a reducing agent. The side chain of the N-terminal 

cysteine is involved in the octahedral coordination of a cation which is additionally bound by 

the side chains of S246, E328, T330 and Y379 as well as by the main chain carbonyl group of 

D315. The nature of this metal ion is so far not known. Since sodium acetate was present in 

the crystallization buffer and due to the absence of a peak in the anomalous electron density 
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maps calculated with diffraction data sets collected at a wavelength of 0.8 Å, 1.7 Å and 1.9 Å 

(data not shown) as well as the results of fluorescence scans (carried out at BESSY BL14.1, 

data not shown), it seems likely that a Na+ cation is bound to the protein. This is further 

supported by the octahedral coordination and metal- ligand atom distances of 2.73 - 3.14 Å 

(35). 

The structure 3FGW refined at 3.2 Å resolution includes the residues V63-N239 as well as 

G245-P592 in chain A. Thus, it comprises the same residues as the structure 3FGR and 

additionally N239. However, in contrast to the high resolution structure, the amino acids 

G245-S248 are directly connected to C249 (Tab. 1; Fig. S1). The protein residues exhibit an 

average temperature factor of B = 41.3 Å2. The N-terminal amino acids L47-P62, T240-L244 

as well as the last C-terminal residues (W593, D594 and the eleven residues of the C-terminal 

affinity tag) are missing due to the lack of unambiguously interpretable electron density. In 

contrast to the structure 3FGR, the sulfhydryl group of C249 is not oxidized but it is involved 

in the coordination of a cation as well, which is also bound by the side chains of D316, E328, 

T330, Y379 and by the main chain carbonyl groups of G314 and D315 (coordination sphere ≤ 

3.9 Å). As outlined for the structure 3FGR, the nature of the metal cation is not known, but it 

is assumed to be a Na+ ion.  

The structure 3FGT which was refined at a resolution of 2.4 Å, contains the residues D60-

N239 of the N-terminal 28 kDa fragment and the residues C249-P592 of the C-terminal       

40 kDa fragment assigned to chain A and B, respectively (Tab. 1; Fig. S1). The protein atoms 

exhibit an average temperature factor of B = 27.3 Å2. The N-terminal amino acids L47-P59, 

T240-S248 as well as the last C-terminal residues (W593, D594 and the eleven residues of the 

C-terminal affinity tag) are missing due to the lack of unambiguously interpretable electron 

density. The structure 3FGT additionally includes three more residues at the N-terminus 

(D60-P62) and N239 but lacks the amino acids G245-S248 of the intermediate region. As 

observed in the high resolution structure, the N-terminal cysteine 249 of chain B of the 
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structure 3FGT seems to be partially oxidized. Likewise, the same residues as in 3FGR except 

for the main chain carbonyl of G314 substituting S246 are  involved in the coordination of the 

putative Na+ ion which is bound by the side chains of E328, T330 and Y379 as well as by the 

main chain carbonyl group of D315 (coordination sphere ≤ 3.9 Å).  

Differences between the three structures concerning the glycan moieties and the solvent 

model are described in the methods section. 

 

Overall structure 

Both structures obtained from crystal form I (3FGR and 3FGT) contain the cleaved form of 

the 66.3 kDa protein, which comprises two polypeptide chains corresponding to the 28 kDa 

and 40 kDa proteolytic fragments (Fig. 2). If not stated otherwise, the structure 3FGR of 

crystal form I is described in detail below, since it has been refined at the highest resolution.  

The compact globular structure shows two closely associated polypeptide chains (Figs. 1, 2) 

forming 37 hydrogen bonds as well as two salt bridges (K280-E127, R283-D107; 3FGT). The 

existence of the 28 kDa and 40 kDa chains as one entity is in accordance with the observation 

that both fragments as well as the uncleaved 66.3 kDa protein elute in a single absorption 

peak from the affinity column, anion exchange column and gel filtration column during 

protein purification, respectively. The gel filtration peak corresponds to an apparent molecular 

weight of about 140 kDa indicating the existence of the 66.3 kDa protein as a stable dimer in 

solution. Contact areas between symmetry equivalent molecules in the crystals were analyzed 

with PISA (36). In accordance with the results from the gel filtration, the complexation 

significance score calculated for the 66.3 kDa protein suggests the existence of a stable homo-

dimer.  

 

The N-terminal 28 kDa fragment consists of six α-helices (α1-α6) and four β-strands (ß1-

ß4). The 40 kDa C-terminal fragment contains 13 β-strands (ß5-ß17), seven α-helices (α7– 
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α13) as well as six 3/10-helices (η1 –η6). Both fragments together form an αββα fold. The 

core is dominated by two highly twisted β-sheets. The six-stranded β-sheet (β-sheet I) is 

packed tightly against an extended eleven-stranded β-sheet (β-sheet II) (Figs. 1a-b). The         

α- and 3/10-helices form two layers (α- layer I and II) flanking the central β-sheets on both 

sides, engulfing the both sides like a horseshoe, leaving one side of the β-sheet solvent 

accessible. Most strands of the stacked β-sheets forming the central core derive from the        

40 kDa fragment (β5-β17). They are slightly tilted against each other with β-strands β5, β6, 

β14-β17 forming β-sheet I with the topology β14-β5-β6-β15-β16-β17 and β7-β13 in 

combination with β1-β4 of the 28 kDa fragment building β-sheet II with the topology β2-β1-

β3-β4-β7-β8-β9-β10-β11-β12-β13 (Fig. 1). All β-strands are oriented in an anti-parallel 

fashion except for a break at β7 which is oriented parallel to the preceding β4. The β-strands 

β1 and β2 partially protrude from the globular structure. Stabilization is achieved by some 

additional hydrophobic interactions which are mainly formed between the α-helices α4 and α9 

and β-strands β4 and β7. Additionally, two intramolecular disulfide bridges are formed 

between C147 and C157 of the N- as well as between C497 and C500 of the C-terminal 

fragment (Fig. 2). In contrast, intermolecular disulfide bonds are not observed  which is in 

accordance with the electrophoretic separation of the fragments under non-reducing 

conditions (17). 

The crystal structure contains seven N-acetylglucosamine moieties (NAG) in total which 

are part of five N-glycans at the asparagine residues N93 (1 NAG), N115 (2 NAGs), N236 

(1NAG), N441 (2 NAGs) and N520 (1 NAG) (Fig. 2) and are well defined in the electron 

density map. The glycosylation sites are evenly distributed on the surface of the molecule. 

The three N-glycosylation sites of the 40 kDa fragment surround a prominent cavity – the 

putative substrate binding pocket - in close proximity, while the remaining two sites are 

localized on the opposing side of the protein molecule (Fig. 2). 
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Differences between the three structures of the 66.3 kDa protein 

Superposition of the three refined structures of the 66.3 kDa protein reveals several 

significant differences in the conformation of four loops of the 28 kDa fragment. These loops 

connect β1 and β2, β2 and β3, β4 and α1, and α-helices α1 and α2, respectively, and they are 

involved in intermolecular crystal contacts with symmetry equivalent protein molecules. The 

overall r.m.s. deviations between the structures 3FGT and 3FGW compared to 3FGR amount 

to 0.36 Å and 0.41 Å for 520 common Cα atoms (V63-T238 and C249-P592), respectively. 

The most important difference concerns the peptide bond connecting residues S248 and C249. 

While in 3FGR and 3FGT there is no covalent bond between S248 and C249, continuous 

electron density was observed between these residues in 3FGW indicating the uncleaved form 

of the protein (Fig. 3). Upon cleavage, the conformation of S248 and C249 changes 

significantly. The incision also causes a rearrangement of S248 leading to an extensive 

hydrogen bonding network which includes a salt bridge formed between the terminal 

carboxyl group of S248 and the side chain of R531 (3FGR).  

In the uncleaved structure (3FGW) C249 falls into the generously allowed region of the 

Ramachandran plot and exhibits a cis configuration, while after cleavage it is located in the 

core region of the Ramachandran plot corresponding to β-strand conformation. In analogy to 

other auto-proteolytically cleaved enzymes (37), this strong distortion most likely helps in 

providing the potential required for the proteolytic cleavage (see below). The cleavage is 

additionally accompanied by slight changes of the torsion angles of the adjacent residues 

S248 and S250 which also are within the allowed β region before and in the core region of the 

Ramachandran plot after the cleavage (Fig. 3). 

The proximate residues T240 – L244 appear to be flexible or absent in all three structures, 

while the adjacent amino acids G245 - S248 exhibit an ordered conformation in the structures 

3FGR and 3FGW, but are disordered or absent in 3FGT (Fig. 4). Interestingly, this loop 

adopts quite different conformations in 3FGR and 3FGW (Figs. 4, 5). In 3FGR the residues 
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G245 – S248 are oriented perpendicular to the first β-strand of the 40 kDa fragment (β5), 

whereas they extend this β-strand in 3FGW, even though the β-strand secondary structure is 

significantly distorted. In the structure 3FGT, residues G245 to S248 are not defined in the 

electron density map. Due to the lack or disorder of these residues, a large pocket with a 

highly negative surface potential becomes solvent accessible (Figs. 4, 5, S2). This cavity 

emerged to have a putative important role for the function of the 66.3 kDa protein (see 

below). 

 

Structurally related proteins 

In order to obtain insight into the function of the lysosomal 66.3 kDa protein, the Protein 

Data Bank (PDB) was searched for structurally related proteins with known function. The 

retrieval using the program DALI (38) revealed significant similarities to cephalosporin 

acylase (CA) (39) (Fig. 6), two different kinds of penicillin acylase (penicillin acylase G 

(PGA) (40) and V (PVA) (41)), as well as the conjugated bile acid hydrolase (CBAH) (42). 

For these four bacterial proteins the number of the structurally equivalent residues is in the 

range from 222 (PVA) to 360 (CA) with regard to 520 amino acids of the 66.3 kDa protein. 

The r.m.s. deviations for the positions of aligned Cα atoms amount to 3.0 Å (PVA) - 3.6 Å 

(CA). Furthermore, some less similarity was found to inosine monophosphate (IMP) 

cyclohydrolase (IMPC) (43) and proteasome subunits (44, 45) (for details see Tab. S1). 

Interestingly, only a few of the aligned residues are conserved between the 66.3 kDa protein 

and the structurally related proteins. Merely 6% (PVA, CBAH) to 14% (IMPC) of the 

structurally equivalent amino acids are identical. Superpositions of the 66.3 kDa protein and 

these four acylases are shown in Figs. 6 and S3. All structures exhibit a highly similar central 

overall fold with the highest degree of similarity concerning the formation and orientation of 

the β-sheet core, while the arrangement of the surrounding α-helices differs.  

50



Part I   -   4. Initial Insight into the Funtion of the Lysosomal 66.3 kDa Protein from Mouse 

 
Although most of these enzymes lack significant sequence similarity among each other, 

they belong to the superfamily of Ntn hydrolases which is defined by a common fold. The 

characteristic structural motif is a four- layered αββα sandwich (46, 47) (Fig. 1). Based on the 

crystal structure, the 66.3 kDa protein can be assigned unambiguously to this superfamily.  

The PDB contains the crystal structure of another lysosomal Ntn hydrolase, namely that of 

aspartylglucosaminidase (AGA) (48). However, this enzyme has not been revealed by DALI. 

Using secondary structure matching for the C-terminal fragment only allowed the alignment 

of 80 residues with an r.m.s.d. of 4.1 Å.  

 

Putative active site 

Based on structural homology, the lysosomal 66.3 kDa protein belongs to the superfamily 

of Ntn hydrolases. Except for IMPC which only shares the common fold but is actually not an 

Ntn hydrolase in terms of function, all Ntn hydrolases known so far are activated by 

autocatalytic cleavage. The N-terminal residue generated at the cleavage site represents the 

canonical catalytic residue attacking the carbonyl carbon of a non-peptide substrate amide 

bond in a nucleophilic manner. The catalytically essential nucleophile is either threonine, 

serine or cysteine (such as serine 170 of CA, serine 1β of PGA, threonine 206 of lysosomal 

AGA and cysteine 2 of CBAH and cysteine 1 of PVA). While the hydroxyl oxygen or the 

sulphur atom of these N-terminal residues acts as a nucleophile, its α-amino group serves as 

general base. Based on the superpositions of the 66.3 kDa protein with known Ntn hydrolases 

(Figs. 6, 7, S4), we suggest C249 at the N-terminus of the 40 kDa fragment to represent the 

conserved nucleophilic residue. C249 becomes solvent-accessible only after the proteolytic 

cleavage between S248 and C249 as can be seen by comparison of the structures 3FGW and 

3FGR (Figs. 3, 4).  

In addition, other known active site residues of Ntn hydrolases are conserved like an 

asparagine and an arginine residue (Fig. 7). These residues corresponding to N432 and R463 
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of the 66.3 kDa protein have been shown to be essential in other Ntn hydrolases, e.g. for the 

catalytic activity of PGA (N241 and R263) (49, 50). The Oδ atom of the asparagine residue is 

hydrogen-bonded to the backbone nitrogen of the N-terminal nucleophilic amino acid in all 

four Ntn hydrolase structures closely related to the 66.3 kDa protein, while the interaction 

partner of the side chain nitrogen atom depends on the presence or absence of a ligand. When 

no substrate or product is bound to the enzyme, the Nδ of the asparagine forms a hydrogen 

bond with both a side chain nitrogen atom of the conserved arginine (corresponding to R463 

of the 66.3 kDa protein) (87) and a backbone carbonyl oxygen of a residue located nearby 

(superposing with T330 of the 66.3 kDa protein) as shown in Fig. 7. Upon ligand binding, the 

fixation of the asparagine side chain by the guanidinium group of the conserved arginine 

remains intact, whereas the backbone hydrogen bonding partner is replaced by a functional 

group of the ligand such as the carboxyl group of the reaction product glutarate bound by CA 

(51). 

The important role of the asparagine N432 is additionally stressed by the conservation of 

two N-terminally adjacent residues among the orthologs of the 66.3 kDa protein, namely 

S430 and a ubiquitous aromatic amino acid (Y431). The carbonyl oxygen of Y431 forms 

water mediated hydrogen bonds with a glycerol molecule from the cryo protecting buffer and 

with the side chain of R463 which is positioned directly above the Y431-N432 peptide bond 

and is involved in an extended hydrogen bonding network to the catalytically active 

nucleophilic C249 via N432. 

Another residue conserved in the active site of Ntn hydrolases is either a histidine or an 

arginine corresponding to H266 of the 66.3 kDa protein (Fig. 7). A histidine occupies this 

position in some Ntn hydrolases which exhibit an N-terminal cysteine like the 66.3 kDa 

protein such as glutamine phosphoribosylpyrophosphate (PRPP) amidotransferase (52) and 

glucosamine 6-phosphate synthase (53, 54). This positively charged side chain most likely 

enhances the nucleophilic character of the catalytic N-terminal amino acid by decreasing the 
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pKa value of the N-terminal nucleophilic residue. Thus, its conservation is most likely based 

rather on the catalytic mechanism than on substrate specificity. Due to the acidic lysosomal 

environment H266 is protonated and therefore able to take over the role of the arginine.  

The backbone nitrogen of T330 and Nδ2 of N432 most likely form the oxyanion hole in the 

66.3 kDa protein. A third residue appears to be involved as well, namely W269. Like the 

structural equivalents, the backbone nitrogen of W269 forms a hydrogen bond with the N-

terminal nucleophile. The corresponding residues Qβ23 of PGA and H192 of CA form a 

second hydrogen bond to the N-terminal amino group or Oδ of the conserved active site 

asparagine, respectively, via their side chains, and mutation of H192 to serine completely 

abolished autoproteolysis showing this residue to have an important role not only for the 

catalytic turnover of a substrate, but also for the activation of CA. W269 is not able to form 

equivalent interactions. Based on this difference we suggest W269 to be important for the 

catalytic activity of the 66.3 kDa protein but not essential for its autoproteolytic activation.  

Further polar side chains in proximity to the catalytic center suitable for interactions with a 

putative substrate molecule are delivered by S225, T238, N274 and T378 of the 66.3 kDa 

protein.  

Thus, all active site residues as well as some hydrogen bonding patterns of the Ntn 

hydrolases CBAH, CA, PVA and PGA are conserved in the 66.3 kDa protein (Fig. 7) 

suggesting that the same reaction mechanism is applied to hydrolyse a non-peptide amide 

bond. In contrast, several other amino acids involved in substrate binding do not have 

functional equivalents. This lack of sequence conservation concerning the binding site is not 

surprising and has been observed for almost all members of the Ntn hydrolase superfamily 

(47). It reflects the wide variety of substrate molecules despite the similar active site structure.  
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Putative substrates  

The members of the Ntn hydrolase superfamily differ significantly in substrate specificity 

and in the respective substrate binding pocket. So far, the substrate(s) of the 66.3 k Da protein 

remain(s) unknown. The structural classification of the 66.3 kDa protein as an Ntn hydrolase 

and in particular the high similarity to members of the choloylglycine family (CBAH and 

PVA) suggest an enzymatic function similar to that of lysosomal members of this family such 

as acid ceramidase (AC) and the NAE - hydrolyzing acid amidase (NAAA). As outlined in 

the following the 66.3 kDa protein probably is involved in the degradation of specific N-

acylethanolamines (NAEs) leading to 2-aminoethanol (ethanolamine) and the corresponding 

free fatty acids.  

 

NAEs represent a class of tissue hormones (mediators) that are synthesized in a variety of 

organisms and tissues (55), reviewed in (8, 56, 57). In mammalia, NAEs normally occur in 

trace amounts in virtually all kinds of cells, but under pathological conditions tissue NAE 

levels increase significantly (8, 58-60). Tissues under inflammatory conditions and human 

tumor tissues in general were shown to contain substantially higher amounts of phospholipids, 

N-acylphosphatidylethanolamines and NAEs. The ethanolamines of long-chain fatty acids 

arise from their corresponding N-acylphosphatidylethanolamines by the action of 

phospholipase D (61) and act as bioactive molecules. N-palmitoylethanolamine exhibits anti-

inflammatory (62-64) and neuroprotective (65) activity. Immunosuppressive (66) and 

analgesic (9) functions have been determined for some NAEs as well. Thus, their spread has 

to be strictly regulated. 

One of the enzymes involved in their degradation is NAAA which is located in lysosomes 

and belongs to the choloylglycine hydrolase family (67), reviewed in (68, 69). To date, two 

other lysosomal members of this family are known, namely aspartylglucosaminidase (AGA) 

and acid ceramidase AC (69, 70). AGA and AC have been well characterized and shown to be 
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defect in aspartylglucosaminuria (71) and Farber disease (72), respectively. While AGA 

hydrolases the N-glycosidic bond between oligosaccharides and asparagine, AC acts on the 

amide bond of ceramides releasing a shingosine moiety and the corresponding fatty acid.  

NAAA exhibits NAE-hydrolyzing activity at acidic pH with N-palmitoyl-EA as the best 

substrate (100 %) and 27 % activity towards N-myristoyl-EA (14:0) but only residual activity 

(2-4 %) on N-lauroyl- (12:0), N-stearoyl-  (18:0) and N-arachidonoyl-EA (20:4). A second 

NAE degrading enyme specific for NAEs of a different set of chain lengths, the membrane-

bound fatty acid amide hydrolase (FAAH), had already been identified several years ago (73, 

74). In contrast to NAAA, FAAH preferentially hydrolyses the poly-unsaturated 

endocannabinoid N-arachidonoyl-EA (20:4) (anandamide) and N-linoleoyl-EA (18:2) at 

neutral pH, while it displays only weak activity on saturated NAEs like N-palmitoyl-EA 

(16:0) (75-77). In contrast to NAAA, FAAH does not belong to the Ntn hydrolase 

superfamily, but to the amidase signature family. While NAAA is a soluble lysosomal 

protein, FAAH is a membrane protein of the ER and / or Golgi compartment.  

 However, the enzyme(s) degrading NAEs like N-lauroyl-EA (12:0), N-stearoyl- (C18:0), 

N-oleoyl-EA (18:1), N-linoleoyl- (C18:2), N-γ-linolenoyl- (C18:3), N-eicosamonoenoyl- 

(C20:1), N-homo-γ-linolenoyl- (C20:3) as well as some longer fatty acid EAs (C22:1, C22:6) 

are unknown. Hence, the 66.3 kDa protein could be involved in the hydrolysis of one or 

several of these compounds.  

The active site residues typical of Ntn hydrolases as well as some amino acids which border 

the putative substrate binding pocket are conserved between the murine 66.3 kDa protein and 

p67 from T. brucei. The knock down of p67 by RNAi results in abnormal lysosome 

morphology and finally in high mortality of the bloodstream-stage cells of the African 

trypanosomes in the mammalian host indicating p67 to play a key role in the structural 

maintenance of the lysosomal structure. Based on the high degree of similarity between the 
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orthologs from mouse and trypanosomes we suggest the 66.3 kDa protein to fulfill this 

important, more general function for the integrity of lysosomes as well.  

Activation by auto-proteolytic removal of the linker peptide  

Activation of Ntn hydrolases requires an auto-proteolytic cleavage resulting in the removal 

of several amino acids or even a whole polypeptide chain N-terminal of the nucleophilic 

residue. CA which exhibits the most significant structural similarity to the 66.3 kDa protein, 

is activated by a multi-step maturation process leading to a two chain form of the protein (78). 

During this maturation, two proteolytic cleavages cause the release of a spacer peptide from 

the protein, which makes the substrate binding pocket solvent accessible. The lysosomal   

66.3 kDa protein bears such a linker peptide most likely comprising amino acids K237 to 

S248 which connects the 28 kDa fragment and the 40 kDa fragment prior to maturation (Figs. 

2, 3, 4). The linker region is highly flexible (Fig. 2), especially the region T240 to L244 

which is not defined in any of the determined crystal structures.  

Most known Ntn hydrolases (39, 79) as well as inteins (80) contain a glycine residue 

adjacent to the nucleophilic amino acid on the N-terminal side. However, in the 66.3 kDa 

protein, a serine residue (S248) is located N-terminally to C249. A similar exception is found 

in another lysosomal Ntn hydrolase, human AGA containing an aspartate (D182) at the 

equivalent position (81), as well as in plant asparaginases (82). However, in the 66.3 kDa 

protein, a glycine residue is located two amino acids apart from the catalytic C249 with a 

serine residue in between. N-terminal of G247 and S248 another glycine-serine pair (G245, 

S246) probably increases the high flexibility of the linker peptide. In the structure 3FGW, the 

linker residue range from G245 to S248 which is still covalently bound to C249, seems to 

exhibit a strongly distorted conformation with the scissile peptide bond between S248 and 

C249 in cis conformation. Upon the first proteolytic cleavage (Fig. S5), the strained 

conformation is most likely released as becomes obvious in the structure 3FGR (Fig. 3), in 

which all peptide bonds of the defined part of the linker exhibit trans conformation. Although 

56



Part I   -   4. Initial Insight into the Funtion of the Lysosomal 66.3 kDa Protein from Mouse 

 
these explanations are still preliminary, especially due to the low resolution of the uncleaved 

66.3 kDa protein structure (3FGW), the hypothesis is supported by similar observations for 

the processes during the autoproteolytic removal of a linker peptide in lysosomal AGA.  

Upon the first cleavage between S248 and C249, the C-terminal residues of the 28 kDa 

fragment probably move to the protein surface as implied by the lack of appropriate density in 

the structure 3FGT, that presumably represents the last out of the maturation states observed 

in the crystal structures.  

A second autocatalytic cleavage releasing a spacer peptide has been reported for CA (78, 

83). The glutamic acid residue 159 is required for this cleavage at the N-terminus of the 

spacer peptide between G160 and D161, which is abolished in the mutant proteins E159Q and 

E159M. The superposition of CA and the 66.3 kDa protein shows the side chain carboxyl 

groups of E159 and E153, respectively, to be located similarly, even though they belong to 

non-equivalent β-strands (Fig. S6). However, a residue feasible to form the oxyanion hole in 

the 66.3 kDa protein could not be identified. Thus, we suggest the C-terminus of the 28 kDa 

fragment to be trimmed from residue S248 by lysosomal hydrolases rather than by a second 

autocatalytic step. Upon cleavage between S248 and C249, the C-terminal residues of the      

28 kDa fragment could protrude from the protein and would be accessible for proteases which 

are quite abundant in the lysosomal compartment. The N-glycan attached to N236 of the          

66.3 kDa protein which was shown to be included in the mature 28 kDa fragment (17) should 

protect it against further C-terminal degradation. The enzymatic maturation mechanism would 

also explain the presence of at least two residues C-terminal of the glycosylated N236 in all 

structures (Fig. 3), since the crystallized protein had not reached the lysosomal compartment 

but was secreted by exocytosis. Furthermore, such a mechanism would be in accordance with 

the lysosomal Ntn hydrolase AGA (37, 48, 71). So far, the C-terminal residue of the 28 kDa 

fragment has not been defined. However, the exact length of the linker might not have any 

effect on the acylase activity – at least in CA from different Pseudomonas species, for which 
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natively occuring variations from 8 to 11 amino acids have been investigated (83-87). 

Alternatively, the C-terminus of the 28 kDa might not even be trimmed at all but move to the 

protein surface due to a high degree of flexibility. This conformational change already could 

give substrates sufficient access to the active site for turnover as demonstrated for CA (83). 

 

CONCLUSIONS 

Three structures of the lysosomal 66.3 kDa protein from mouse were solved by Molecular 

Replacement and refined to a resolution ranging from 1.8 Å to 3.2 Å (PDB-ID 3FGR, 3FGT, 

3FGW). They provide initial insight into its so far unknown function and shed light on its 

maturation which comprises an autocatalytic cleavage and most likely also a C-terminal 

processing by other lysosomal hydrolases. Each of the three structures represents a different 

state of the auto-proteolytic process which gives rise to a 28 kDa N- and a 40 kDa C-terminal 

fragment.  

The major difference between the three structures concerns a linker peptide of about ten 

amino acids N-terminal of C249. In the uncleaved protein (3FGW), this linker peptide is still 

covalently connected to C249 and occupies a large cavity. During maturation, the peptide 

backbone is incised between S248 and C249 (as observed in the structure 3FGR). 

Subsequently, the flexible linker region moves to the surface of the protein, and a deep pocket 

becomes accessible (confer structure 3FGT) for the binding of putative substrates.  

The structures of the 66.3 kDa protein revealed significant structural similarities but no 

sequence homology to several bacterial acylases which belong to the N-terminal nucleophile 

(Ntn) hydrolase superfamily and act on non-peptide amide bonds. Based on this structural 

homology including both the overall fold and the active site residues the 66.3 kDa protein 

could be assigned to the superfamily of Ntn hydrolases.  
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Among the structurally similar bacterial acylases there are two members of the 

choloylglycine hydrolase family. Representatives of this family have been identified in 

eukaryotes where at least two members of this family localize to the lysosomal compartment 

like the 66.3 kDa protein - namely acid ceramidase and NAAA. These structurally related 

enzymes are involved in the degradation of the amidated lipids ceramides and N-

acylethanolamines (NAEs), respectively. NAEs of various chain lengths have been shown to 

exhibit neuroprotective, anti- inflammatory and immunosuppressive effects as well as to 

accumulate in e.g. degenerating tissues or tumor tissues. The lysosomal compartment plays a 

major role in the regulation of the NAE level in the cell, but the degradation of the entire set 

of the various NAEs cannot be explained completely by the action of the enzymes identified 

so far. In this context, some of these compounds appear to represent plausible substrates of 

the 66.3 kDa protein. Certainly, this hypothesis has to be confirmed by further biochemical 

studies. Currently, a gene trap knockout mouse is under construction and might help to 

evaluate the physiological function of the 66.3 kDa protein. In case that definite NAEs 

represent the substrates of the 66.3 kDa protein it is questionable whether a knockout mouse 

would exhibit a classical lysosomal storage phenotype since NAEs only occur in trace 

amounts and might be also degraded by other enzymes than the 66.3 kDa protein due to 

functional redundancy. So far, no disease has been described where NAEs accumulate. 

However, the comparative analysis of NAE levels in tissues derived from knockout and wild-

type mice might help to further narrow down the spectrum of putative substrates.  
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SUPPORTING INFORMATION AVAILABLE 

Fig. S1. Schematic representation of the amino acid residue ranges comprised by the 

structures 3FGR, 3FGT and 3FGW. 

Fig. S2. Superposition of the 66.3 kDa protein with penicillin V acylase, conjugated bile acid 

hydrolase and penicillin G acylase.  

Fig. S3. Superposition of linker residues and ligands of the 66.3 kDa protein, cephalosporin 

acylase (CA) and conjugated bile acid hydrolase (CBAH).  

Fig. S4. Surface representation of the substrate binding pocket of the 66.3 kDa protein 

according to its hydrophilic / hydrophobic character.  

Fig. S5. Presumable mechanism of the auto-proteolytic cleavage between S248 and C249 

during the maturation process of the 66.3 kDa protein.  

 

Tab. S1. Extended list of structures with a similar fold as the 66.3 kDa protein revealed using 

the program DALI. 
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FIGURE CAPTIONS 

Fig. 1. Overall structure of the 66.3 kDa protein from mouse. (a) The residues are rainbow-

coloured according to their position in the polypeptide chain from the N-terminus (blue) to 

the C-terminus (orange) and represented in cartoon mode with smoothed loops. (b) In the 

topology diagram, light blue circles represent helices below or above the anti-parallel β-

sheets, on either side of them, blue circles show helices which sandwich the sheets, and light 

blue stars display helical structures in loops above or below the sandwich between both β-

sheets. N(A), C(A), N(B) and C(B) mark the N- and C-termini of the 28 kDa and 40 kDa 

fragment, respectively.  

 

Fig. 2. Cartoon model of the 66.3 kDa protein (3FGR) viewed along the β sheets (at the top) 

and from the top (after a turn by 90°) (at the bottom). The 28 kDa and 40 kDa fragment are 

coloured in orange and blue, respectively. The last four C-terminal residues of the 28 kDa 

fragment (G245-S248) as well as the two intermolecular disulfide bonds are highlighted in 

ball and stick mode and coloured in orange and brown, respectively. The five glycans and the 

asparagine residues, at which they are attached, are shown as thick black lines.  

 

Fig. 3. Comparison of the region of the 66.3 kDa protein, which differs significantly between 

the one chain and two chain variants. The structures are shown in the putative order of the 

maturation process starting at the top. The most significant differences concern the residue 

range N239-C249. This range and additionally the adjacent residues K237, T238 and S250 as 

well as the side chains of E507 and R531 and a glycerol molecule are shown in stick mode 

with the surrounding electron density of the final 2FoFc map at a contour level of 1.0 σ 

(carbon, oxygen and nitrogen atoms in green, red and blue, respectively). The bound Na+ ion 
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and the coordinating bonds are shown as a blue sphere and black dashed lines, respectively. 

Hydrogen bonds involving the side chain of R531 are represented by orange dashed lines, 

while the green dashed lines indicate the missing residues of the linker region. For 

orientation, L231-N236 and A251–K254 are shown in cartoon mode.  

 

Fig. 4. Comparison of the solvent accessibility of the substrate binding pocket in the three 

structures. The residues P60/V63-T238 of the N-terminal and C249-P592 of the C-terminal 

fragment are shown as orange and blue surfaces. The residues N239-S248 are shown in stick 

mode (same colour code as in Fig. 3), whereas the coordinated metal ion is represented by a 

black sphere. 

 

Fig. 5. Electrostatic surface potential of the 66.3 kDa protein. While the overall structures 

represent the structure 3FGR, the close views show the central region of the structure 3FGW 

for comparison. In the two images on the left and right side, respectively, the structures are 

rotated by 90°. The residue ranges V63-T238 and C249-P592 are shown as surfaces and 

coloured according to their electrostatic potential with positive and negative charges in blue 

and red, respectively. The residues N239-S248 which occupy significantly different positions 

in the structures 3FGR and 3FGW are shown in ball and stick mode and coloured in black. 

The bound Na+ ion is represented as a yellow sphere.  

 

Fig. 6. Superposition of the 66.3 kDa protein with cephalosporin acylase. The structures of 

the 66.3 kDa protein (3FGR) and cephalosporin acylase (1OQZ) are shown in cartoon mode 

and coloured in blue and orange, respectively.  
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Fig. 7. Superposition of the conserved active site residues of the 66.3 kDa protein and the four 

most related N-terminal nucleophile hydrolases. The conserved N-terminal nucleophile is 

shown completely, while of the ubiquitous asparagine and arginine residues as well as of the 

residue in the lower right corner only the side chains are represented, since the main chain 

atoms are not directly involved in catalysis. In contrast, concerning the other three residues 

only the main chain atoms are depicted due to their participation in the catalytic reaction and 

a lack of sequence conservation. The residues are coloured by atom. Nitrogen, oxygen and 

sulphur atoms are shown in blue, red and light orange, respectively, for all structures, whereas 

the carbon atoms are represented distinctly for the various structures as follows: 66.3 kDa 

protein in grey, cephalosporin acylase (1OQZ) in pink, penicillin V acylase (3PVA) in 

yellow, conjugated bile acid hydrolase (2BJF) in green, penicillin G acylase (1K5S) in 

orange. 

 

Fig. S1. Schematic representation of the amino acid residue ranges comprised by the 

structures 3FGR, 3FGT and 3FGW. The residues of the N-terminal 28 kDa fragment, the 

linker region and the C-terminal 40 kDa fragment, which are included in each structure, 

are represented as boxes coloured in yellow, light grey and blue, respectively. The first 

and the last residue of each region are given in bold letters. The dotted lines represent 

missing residues of the intermediate region.  

 

Fig. S2. Superposition of the 66.3 kDa protein with penicillin V acylase (PVA), conjugated 

bile acid hydrolase (CBAH) and penicillin G acylase (PGA). The structures are represented in 

cartoon mode and coloured in blue (66.3 kDa protein), pink (PVA), red (CBAH) and green 

(PGA), respectively (see Tab. 2).  
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Fig. S3. Superposition of linker residues and ligands of the 66.3 kDa protein, cephalosporin 

acylase (CA) and conjugated bile acid hydrolase (CBAH). The active site residues of the        

66.3 kDa protein (3FGR) are represented according to Fig. 7 with the carbon atoms coloured 

in light grey. The linker residues N239 as well as G245-S248 of the structures 3FGR and 

3FGW are shown as black and blue stick model, respectively. They fit well with the linker 

regions and ligands of the aligned structures of CA and CBAH, which are coloured as 

follows: glutarate in yellow, 7-β-(4-carboxybutanamido)-cephalosporanic acid in light orange 

(1JVZ) (51), D161-G169 of CA in dark orange (39), taurine and deoxycholate in red (42). 

 

Fig. S4. Surface representation of the substrate binding pocket of the 66.3 kDa protein 

according to its hydrophilic / hydrophobic character. The residues V63-T238 as well as C249-

P592 of the structure 3FGR are shown in surface representation. Hydrophilic amino acids and 

glycans are coloured in yellow, whereas hydrophobic residues are shown in grey. The linker 

residues G245-S248 (3FGR) are shown in stick mode, the coordinated Na+ ion is represented 

as a blue sphere. 

 

Fig. S5. Putative mechanism of the auto-proteolytic cleavage between S248 and C249 during 

the maturation process of the 66.3 kDa protein.  Residues of and adjacent to the scissile 

peptide bond are labeled in blue, while residues of which side chain and backbone atoms are 

involved in the represented interactions, are labeled in black and grey, respectively. The first 

nucleophilic attack at the carbonyl carbon of S248 by the sulfhydryl group of C249 and the 

subsequent formation of the oxyanion are indicated by orange arrows. Possible attacks 

following this transition state are represented by green and blue arrows depending on whether 

the oxygen atom is part of the serine side chain or of a bound water molecule.  
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ACCESSION NUMBERS 

The coordinates and structure factors have been deposited in the Protein Structure Databank 

with the accession numbers 3FGR, 3FGT and 3FGW for the 1.8 Å structure, the 2.4 Å native 

and the 3.2 Å iodide soaked structure of the lysosomal 66.3 kDa from mouse, respectively.  
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Tab. 1. Summary of crystallographic data.  

PDB-ID 3FGR 3FGW 3FGT 

data set xe1h KI native 

wavelength (Å) 0.91841 1.80000 0.80150 

number of images 305 280 406 

oscillation steps (°) 0.5 0.5 0.4 

space group C 1 2 1 C 1 2 1 C 1 2 1 

cell [Å, °]   148.74 

   89.56 

   64.81 

 β 98.68 

  147.05 

   88.62 

   73.58 

β 110.90 

 145.57 

  88.22 

  63.27 

β 98.10 

resolution rangea (Å) 50.00-1.70 

(1.76-1.70) 

46.00-3.24 

(3.42-3.24) 

30.00-2.40 

(2.53-2.40) 

completeness (%) 99.5 (96.2) 97.0 (98.1) 99.8 (100.0) 

redundancy 3.2 (2.6) 3.0 (2.9) 3.4 (3.4) 

unique reflections (rejections) 91,683 (164) 14,178 (418) 31,031 (3,487) 

Rsym* or Rp.i.m.# (%) 3.3 (41.9)* 7.3 (13.1)# 6.1 (29.4)# 

I/sigma 32.1 (2.4) 8.4 (4.4) 9.5 (3.5) 

X-ray source BL-14.2 BL-14.1  X13  

 

Refinement statistics 

   

amino acids in asu (chain) 524: 

 V63-T238 (A) 

G245-S248 (A) 

C249-P592 (B)  

 525: 

 V63-N239 (A)    

G245-P592 (A) 

  

 524: 

 P60-N239 (A)    

C249-P592 (B) 

 

molecules in asu   1   1    1 

resolution (Å) 29.26-1.80  44.32-3.24  29.49-2.40 

Rwork
e 15.2  20.4  16.6 

Rfree
f 18.2  27.5  20.7 

number of non-H atoms 

     protein 

     water 

     solvent 

 

   4396 

    576 

     78 

 

   4265 

     20 

     34 

 

   4275 

    299 

     90 

rmsdg    bonds (Å) 

         angles (°) 

  0.015 

  1.533 

  0.009 

  1.235 

  0.012 

  1.493 

average B factors    24.3    42.2    28.1 
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Tab. 2. Comparison of the 66.3 kDa protein with Ntn hydrolases of known structure (DALI). 

Only hits with a Z-score ≥ 7 and with an assigned cellular function are listed here. A complete 

list of all revealed similar structures can be found in Tab. S1.  

protein Abbre-

viation 

PDB-

ID* 

Z-

score 

rmsd 

[Å] 

Lali Nres % 

ID 

cephalosporin acylase CA 1oqz 17.0 3.6 360 684 11 

penicillin V acylase PVA 3pva 16.2 3.0 222 334 6 

conjugated bile acid     

(=choloylglycine) hydrolase 

CBAH 2bjf 16.2 3.1 224 328 6 

penicillin G acylase PGA 1k5s 15.4 3.4 244 557 11 

IMP cyclohydrolase  IMPC 2ntm 8.4 3.2 165 202 14 

20 S proteasome - 1ryp 8.3 3.1 161 205 7 

 

 

* For redundant proteins, the PDB-ID and the corresponding values are given only for the 

best hit. Z-score = value for comparison. Hits with Z-scores ≤ 2 are spurious. rmsd = root 

mean square deviation between the aligned residues, Lali: number of structurally equivalent 

residues, Nres: number of amino acids in the protein, % ID: percentage of identical amino 

acids over all structurally equivalent residues. 
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Tab. S1. Extended list of structures with a similar fold as the 66.3 kDa protein revealed using 

the program DALI. 

protein PDB-

ID* 

Z-score rmsd 

[Å] 

Lali Nres % 

ID 

Cephalosporin acylase* (CA) 1oqz 17.0 3.6 360 684 11 

Penicillin V acylase (PVA) 2pva 16.2 3.0 222 334 6 

Conjugated bile acid     

(=choloylglycine) hydrolase 

(CABH) 

2bjf 16.2 3.1 224 328  6 

Penicillin G acylase (PGA) 1k5s 15.4 3.4 244 557 11 

IMP cyclohydrolase (IMPC) 2ntm 8.4 3.2 165 202 14 

20 S proteasome 1ryp 8.3 3.1 161 205 7 

conserved protein# 1kuu 8.2 3.2 161 202 14 

Proteasome component Y7 1g0u 8.2 3.0 157 196  8 

Proteasome α subunit 1j2q 7.8 3.2 154 202 11 

Proteasome α-type subunit 1 2h6j 7.3 4.1 173 242 16 

HSLV protease 1g3k 7.2 3.0 141 173  9 

Proteasome component C7-α 1z7q 7.2 5.6 167 243 11 

ATP-dependent HSL protease 

ATP-binding subunit  

1ofh 7.2 3.1 141 173  9 

ATP-dependent HSLU protease 

ATP-binding subunit 

1g3i 7.0 3.4 146 173  9 

Protein YPL144W 2z5c 6.4 3.3 139 189 13 

UNP Q5LQD5_SILPO 

(hypothetical protein) 

2imh 6.1 4.1 157 226 17 

Glutamine PRPP 

amidotransferase 

1gph 2.8 4.3 129 465 10 

Horse plasma gelsolin 1d0n 2.8 4.1 109 729  7 

Antithrombin III 1att 2.6 7.8 86 420  5 

 

*: cephalosporin acylase = glutarylamidase = glutaryl acylase = glutaryl-7-
aminocephalosporanic acid acylase, PRPP = phosphoribosylpyrophosphate, #: conserved 

protein of unknown function (structural genomics) 
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Fig. 6. 
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Fig. 7. 
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Fig. S3. 
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Fig. S4. 
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5. DISCUSSION 

The main issues of the structural analysis have been discussed in the submitted manuscript. 

Some complementary details of already described procedures are outlined and discussed in 

the following. Most of the web servers for protein structure analysis mentioned in the general 

introduction (I.1.4.) have been used in the process of characterization of the 66.3 kDa protein 

structure. However, only a few of them provided more insight than revealed by DALI     

(Holm & Sander, 1996) and manual database and literature search. Some information 

supporting obtained data as well as additional results are discussed below.  

 

 

Fig. I-11. Interface between the two molecules of the 66.3 kDa assumed to form a stable dimer 
according to results from the PISA server. The molecules are coloured in dark and light grey, 
respectively, and shown in cartoon mode except for the interfacing residues which are represented 
as sticks. In the molecule on the left side, amino acid residues involved in the formation of the 
interface are highlighted in orange and blue according to their location within the 28 kDa and 40 kDa 
fragment, respectively. Hydrogen bonds are indicated by green lines. For orientation, the metal ion 
bound at the active site is shown as a yellow sphere.  
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The program PISA (Krissinel et al., 2007) mentioned in the submitted manuscript assigns a 

complexation significance score (CSS) to each predicted oligomer ranging from 0 to 1 as 

interface relevance to complexation increases. For the 66.3 kDa protein, the CSS was 

estimated to lie in the range between 0.7 (3FGT) and 0.8 (3FGW) suggesting the existence of 

a stable dimer. The dimer interface amounts to about 800-900 Å2 which is equivalent to about 

4 % of the solvent-accessible surface (Fig. I-11).  

The interface involves the same residues of both structures with the following exceptions.  

Hydrogen bonds are formed between the backbone carbonyl oxygen of Tyr152 and Arg204 in 

3FGW, while Asn145 and Tyr136 as well as Lys215 and the backbone carbonyl oxygen of 

Pro149 participate in intermolecular hydrogen bonds in 3FGT. Except for Ser574, Leu576 

and Met578 all 22 residues of the interface are located in the N-terminal region (mainly in the 

residue ranges Tyr136-Val154, Glu198-Arg204 and Lys215-Phe219).  

Searching the PDB with PISA for similar interfaces revealed the Ntn hydrolases which had 

also been found with DALI (cf. Tab. 2 of chapter 4). Most of the similar interfaces comprise a 

more extended area of up to 3400 Å2, whereas the dimer interface of cephalosporin acylase 

(CA) is comparable to that of the 66.3 kDa protein. Although not finally shown we suggest 

the 66.3 kDa protein to form a stable dimer as indicated by two independent methods, namely 

by means of size exclusion chromatography (unpublished data, Prof. Lübke, personal 

communication) and analysis of crystal contacts.  

Attention to several active site residues was drawn by the results from searching the catalytic 

site atlas which is available at the European Bioinformatics Institute (EMBL-EBI) (Porter et 

al., 2004) and confirmed expectations on the basis of the data from DALI.  

In order to detect putative ways by which substrate molecules could enter the active site, the 

program MOLE was used (Petrek et al., 2006; Petrek et al., 2007). According to the obtained 

results there are three different sets of amino acids that form a tunnel leading to the putative 

catalytic key residue Cys249. Six amino acids are comprised in the border of all predicted 

tunnels, namely Glu229 of the 28 kDa fragment and Cys249, Thr330, Asn432, Arg531 and 

His533 of the C-terminal fragment. They have already been discussed in the course of the 

comparison with other Ntn hydrolases. Half of the residues are conserved among the LamL2 

homologues (laminin- like proteins) which the 66.3 kDa protein is assigned to (Cys249, 

Thr330, Asn432). While two tunnels include mainly residues from the 40 kDa fragment, the 

third tunnel comprises residues of both fragments in an almost equal ratio. The conserved Asp 
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230 is located at the entrance of the tunnels and forms a tight hydrogen bond with a glycerol 

molecule, thus most likely playing an important role in preliminary substrate recognition.  

        These tunnels become only available during the maturation process which involves 

limited proteolysis. The cleavage between Ser248 and Cys249 most likely occurs in an 

autocatalytic process resulting in a flexible linker peptide as discussed in detail in chapter 3. 

In contrast, a putative second cleavage might be required at the N-terminus of this linker 

region in order to achieve complete access to the substrate binding pocket. However, so far 

neither it is known whether such an incision is necessary at all nor the exact cleavage site or 

the underlying mechanism have been determined.  

   

Fig. I-12. Arrangement of the amino acid residues around the N-terminus of the presumable linker 

peptide N239-S248. The residues N236-N239 as well as the side chain of E153, which might be 

involved in a second autocatalytic cleavage step between N236 and K237, are shown in stick mode 
coloured by atom (oxygen in red, nitrogen in blue, carbon in green and yellow, respectively).             

(a) Comparison of the region between the structures 3FGR (carbon atoms in yellow) and 3FGT 

(carbon atoms in green). Hydrogen bonds are indicated by blue (3FGR) and black (3FGT) dashed lines, 
respectively. (b) Surrounding electron density for the structure 3FGR. The 2FoFc map is contoured at 

the 1.0 σ level. 

A second autocatalytic cleavage releasing a spacer peptide has been reported for CA (Kim et 

al., 2001; Kim et al., 2006). The glutamic acid residue 159 is required for this cleavage at the 

N-terminus of the spacer peptide between Gly160 and Asp161, which is abolished in the 

mutant proteins E159Q and E159M. The superposition of CA and the 66.3 kDa protein shows 

the side chain carboxyl groups of Glu159 and Glu153, respectively, to be located similarly, 

even though they belong to non-equivalent β-strands (Fig. I-12). Glu159 forms one part of the 

structural requirement for the autocatalytic cleavage mechanism of CA. However, a residue 

feasible to form the oxyanion hole in the 66.3 kDa protein could not be identified. Thus, we 
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suggest the C-terminus of the 28 kDa fragment to be trimmed from residue Ser248 by 

lysosomal hydrolases rather than by a second autocatalytic step.  

Upon cleavage between Ser248 and Cys249, the C-terminal residues of the 28 kDa fragment 

could protrude from the protein and would be accessible for proteases which are quite 

abundant in the lysosomal compartment. The N-glycan attached to Asn236 of the 66.3 kDa 

protein which was shown to be included in the mature 28 kDa fragment (Deuschl et al., 

2006), should protect it against further C-terminal degradation. The enzymatic maturation 

mechanism would also explain the presence of at least two residues C-terminal of the 

glycosylated Asn236, in all structures (Fig. 3 in chapter 4), since the crystallized protein had 

not reached the lysosomal compartment, but was secreted by exocytosis. Furthermore, such a 

mechanism would be in accordance with the lysosomal Ntn hydrolase 

aspartylglucosaminidase (AGA) (Ikonen et al., 1991; Saarela et al., 2004; Oinonen et al., 

1995). As mentioned above, the C-terminal residue of the 28 kDa fragment has not been 

defined yet. However, the exact length of the linker might not have any effect on the acylase 

activity – as suggested by studies on CA from different Pseudomonas species, for which 

natively occurring variations from 8 to 11 amino acids have been investigated (Sykes et al., 

1981; Ishii et al., 1994; Kim et al., 2000; Kim et al., 2001). Alternatively, the C-terminus of 

the 28 kDa might not even be trimmed at all but move to the protein sur face due to a high 

degree of flexibility. This conformational change already could give substrates sufficient 

access to the active site for turnover as demonstrated for CA (Kim et al., 2001). 

In murine tissues, the 40 kDa fragment of the 66.3 kDa protein is further processed to a        

25 kDa and a 15 kDa fragment with the peptide bond between Arg513 and Ser514 as the 

cleavage site (Deuschl et al., 2006). However, all structures of the 66.3 kDa protein contain 

the uncleaved 40 kDa fragment. Thus, this cleavage site has so far not been confirmed by 

structural analysis limiting the certainty of the following hypothesis about a putative 

mechanism of the cleavage between Arg513 and Ser514.  

Based on the absence of a protease cleavage site according to the analysis of the amino acid 

sequence using the ExPASy PeptideCutter tool (Gasteiger et al., 2005) in concert with the 

challenging access of the scissile bond for such an enzyme we suggest this incision to be of an 

autocatalytic manner. The arrangement of the amino acids around Ser514 is shown in              

Fig. I-13. In analogy to the cleavage between C ys249 and Ser248, such an autoproteolytic 

cleavage most likely is catalyzed by the Oγ atom of Ser514, the nucleophilicity of which 
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might be enhanced by the side chain of the conserved histidine His533. In the model 3FGT, 

the imidazole ring of this histidine is involved in a hydrogen bonding network with a water 

and a glycerol molecule in the substrate binding pocket. The first hydrogen bond is formed 

directly, whereas the latter is mediated by a water molecule and the side chain of Arg531. Due 

to these interactions and since the cleavage between Ser514 and Arg513 has not occured in 

any of the three crystal structures the incision might be substrate-assisted. Accordingly, it 

took place only upon conformational rearrangement caused by the binding of a substrate at 

the active site around Cys249. The oxyanion generated by the attack of Ser514 on the 

carbonyl carbon of Arg513 could be stabilized by the backbone amide groups of Asp515 and 

Leu516. 

This proteolytic cleavage might generate a second N-terminal nucleophilic residue, but 

whether Ser514 has a catalytic function is not known so far. A pocket is found close to the 

putative second N-terminal nucleophilic amino acid, which is probably blocked by a second 

linker peptide located N-terminal of Arg513. In order to get more insight into a putative 

functional role specifically associated with each of these additionally arising fragments, the 

PDB was separately searched with DALI for related structures using either the 25 kDa or the 

15 kDa fragment. While the 25 kDa fragment contains significant s imilarity to the same Ntn 

hydrolases revealed previously (Tab. 2 in chapter 4), no structure with a similar fold was 

found by a DALI search with the 15 kDa fragment. Due to the absence of any structural 

similarity, the 15 kDa fragment might have a unique role in the regulation or substrate 

specificity of the activity of the 66.3 kDa protein. All three fragments of the mature 66.3 kDa 

protein seem to be involved in formation of the substrate binding site. Alternatively, the 15 

kDa fragment might be degraded upon binding of regulatory compounds to the active site 

initiating the turnover of the 66.3 kDa protein by lysosomal proteases. Further molecular and 

biochemical analysis is required to shed light onto additional maturation procedures of the 

66.3 kDa protein. 

According to the results obtained so far, N-acylethanolamines of specific chain lengths seem 

to be the most plausible candidates serving as substrates of the 66.3 kDa protein. In particular, 

they fit well in the recently developing model of a significant involvement of the lysosomal 

compartment into secretory pathways in addition to degradation processes         (Fig. I-14).  
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(a)                                                                           (b) 

(c)  

Fig. I-13. The 66.3 kDa protein after putative modelled further maturation procedures involving a 

proteolytic cleavage between Arg513 and Ser514. (a) Cartoon model of the 66.3 kDa protein 

consisting of three fragments of about 28 kDa, 25 kDa and 15 kDa in apparent molecular weight. The 
28 kDa fragment is coloured in orange according to Fig. 2 of chapter 3. The colour code of the 40 kDa 

fragment is split. While the putative 25 kDa fragment is shown in light blue, the presumable 15 kDa 

fragment is shown in green with the N-terminal Ser514 in stick mode. The polypeptide chain which 
might be removed after the cleavage between Arg513 and Ser514 is shown as a black ribbon. For 

orientation, the nucleophilic Cys249 and a Na+ ion bound at the putative active site are shown as 

sticks and a black sphere, respectively. (b) Enlarged view of the region around the scissile peptide 
bond between Arg513 and Ser514 including residues with a putative functional role. (c) Surface 

representation of the 66.3 kDa protein consisting of the 28 kDa and the 40 kDa protein (3FGT). The 

residue range, which might be removed in the very late steps of the maturation process due to the 
proteolysis within the 40 kDa fragment is indicated in dark grey. The region (Asn461-Arg513) has 

been chosen based on calculations of the theoretical molecular weight in concert with structural 

analysis. The substrate binding pocket arising around Cys249 (pocket 1) as well as a solvent-
accessible pocket close to the residues which might be removed after the cleavage between Arg513 

and Ser514 are indicated by small blue spheres according to the program POCKETPICKER (Weisel et 

al., 2007). 
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Fig. I-14. Pathways involved in the lysosomal network (Yoshimori, 2002).  

Alternatively, other non-peptidic bonds seem to be suitable substrates of the 66.3 kDa protein. 

They occur only in few natural compounds such as lipid-modified proteins, sphingosines and 

acetylated lysine residues, and the 66.3 kDa protein might be involved in their degradation. 

While enzymes responsible for the degradation of farnesylated and geranylated proteins or 

peptides arising from lipid-modified proteins have been identified, an activity for the 

demyristoylation of proteins within lysosomes is only speculative at present (reviewed in Lu 

et al., 2006). If the 66.3 kDa protein had a function in this degradation pathway, its 

dysfunction would be assumed to cause a severe phenotype typical of lysosomal storage 

diseases due to an accumulation of the non-degraded material. However, in recent studies on 

66.3 kDa protein knockout mice such a phenotype with swollen lysosomes has not been 

observed (unpublished data, laboratory of Prof. Dr. Lübke, Diploma thesis of Ina Hohensee, 

2008). 

Acetylated lysine residues are beyond others found in the basic charged N-terminal region of 

histones (Strahl & Allis, 2000; Zhang & Reinberg, 2001; Berger, 2002). These proteins have 

important roles in the organization of the DNA structure in eukaryotic cells. They are 

extensively post-translationally modified in an elaborated system, which is crucial for the 

regulation of gene expression (Jenuwein & Allis, 2001). Commonly, the larger the number of 

acetylated residues in histones is, the higher is the transcriptional activity, and decreased 

levels of acetylation are associated with repression of gene expression (Grunstein, 1997; Wade  
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et al., 1997; Peterson, 2002). Dysfunction of the deacylating enzymes has been shown to be 

involved in cancer development (Grignani et al. 1998, Lin et al. 1998, Minucci et al. 2001). In 

contrast to these enzymes, the 66.3 kDa protein might remove the acetyl moiety from the 

proteins irreversibly in the course of degradation.  

6. CONCLUSION AND FUTURE PERSPECTIVES 

In this work, the lysosomal 66.3 kDa protein from mouse was crystallized in the monoclinic 

space group C2 and its structure was determined by means of sulfur / Xe SAD phasing. 

However, the contribution of the xenon atom to the overall scattering and therefore to the 

phasing power is not required for successful phase determination. The obtained structure to 

our knowledge belongs to the largest structures that have been feasible for structure 

determination by sulfur SAD so far and to a small group of proteins crystallized in monoclinic 

space groups and successfully solved by this method.  

Especially for the 66.3 kDa protein the use of the anomalous signal of intrinsic sulfur atoms 

was a valuable alternative to standard experimental phasing procedures for the following 

reasons. The expression system, a human fibrosarcoma cell line, did neither allow for a high 

yield, which is required for extensive screening of heavy atom derivatives, nor for an efficient 

incorporation of selenomethionine. The latter issue might also have been the reason, that we 

could only recently obtain a limited number of crystals in conditions containing the 

appropriately modified 66.3 kDa protein.  

To the best of our knowledge, the only structure of similar molecular weight that has been 

solved by sulfur SAD phasing is that of the 69 kDa protein TT0570 from Thermus 

thermophilus (Watanabe et al., 2005). In contrast to the procedure described here, Watanabe 

and coworkers did not use synchroton radiation at a wavelength of 1.9000 Å and a standard 

loop and mounting system, but applied a longer wavelength, Cr Kα radiation, and in addition 

a recently developed mounting technique that reduces the absorption by the cryo buffer and 

cryo loop (Kitago et al., 2005). The most important difference concerns the respective space 

group: the 66.3 kDa protein formed monoclinic crystals, whereas TT0570 has been 

crystallized in P21212, a space group of higher symmetry. The challenge in the usage of sulfur 

SAD phasing for monoclinic or even triclinic crystals has also become obvious in a broad 

study of 23 different crystal forms by Mueller-Dieckmann et al. (Mueller-Dieckmann et al., 
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2007). In this study, neither the structures of three monoclinic nor that of a triclinic crystal 

form could be solved automatically by sulfur SAD, while the submission to the 

AutoRickshaw (Panjikar et al., 2005) pipeline was successful for the majority of the higher-

symmetry examples. The determination of the 66.3 kDa protein structure is an extraordinary 

example of successful sulfur SAD phasing in that the protein is not only larger than most 

structures solved by this method so far but also crystallized in a low-symmetry space group 

(C2). Hence, this work is encouraging to apply this experimental phasing procedure more 

widely, since it uses only the anomalous signal of intrinsic protein atoms obviating crystal 

derivation with heavy atoms.  

Currently, the processed X-ray data are used at the EMBL, Hamburg, Germany in order to 

improve the program pipeline AUTORICKSHAW (Panjikar et al., 2005) which is aimed to 

solve crystal structures automatically at the beamline (Santosh Panjikar and Manfred Weiss, 

personal communication).  

Based on the structure determination, the updated working model of the activity of the              

66.3 kDa protein involves NAEs as a substrate. In order to test this hypothesis, currently 

activity assays are performed in the laboratory of Prof. Dr. Torben Lübke.  

Docking studies might be an alternative strategy to test the protein structure in silico for 

putative ligands that bind in the large pocket and fit into the act ive site arrangement, since 

these calculations allow for a broader screening. However, first trials using the test version of 

the free virtual screening server DOCKBLASTER (v1.0β, http://blaster.docking.org) did not 

reveal convincing hits, although it has been recently updated and now also includes a natural 

compounds database. The negative outcome might be due to the fact that exclusively 

commercially available compounds are used for screening and thus NAEs for example are 

excluded. More sophisticated approaches with stand-alone docking programs as well as 

calculations which consider high energy states of potential ligands as they might exist in 

transition states could help to make even more use of the obtained structural information. 

Obtained substances of course would have to be verified in subsequent activity assays and 

finally might result in the determination of the physiological function of the 66.3 kDa protein.  

 

When appropriate substrates have been found, the next step in the course of the 66.3 kDa 

protein characterization will include studies of the binding affinity to the enzyme by means of 

isothermal calorimetry (ITC) or fluorimetry depending among others on the specific substrate.  
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In addition, subsequently or even in parallel co-crystallization experiments using the 

identified substrate compound and the mature form of the 66.3 kDa protein, in which the 

linker peptide has been removed or is at least flexible due to an incision N-terminal of 

Cys249, will be performed. In this context, new initial screenings might be required.  

Moreover, in order to clarify the question about the exact C-terminus of the 28 kDa fragment, 

mutational studies have to be carried out that could be supported by crystallographic studies 

as well. 
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PART II 

 

STRUCTURAL CHARACTERIZATION OF THE DNA REPAIR ENZYME 

MTH0212 FROM THE THERMOPHILIC ARCHAEON 

METHANOTHERMOBACTER THERMOAUTOTROPHICUS ALONE AS 

WELL AS IN COMPLEX WITH DIFFERENT SUBSTRATE DNAS 

 

8. INTRODUCTION 
 

The second major project of this PhD work was the determination of crystal structures of the 

enzyme Mth0212 alone as well as in complex with different substrate DNAs. Mth0212 plays 

a crucial role in DNA damage repair and exhibits a unique combination of catalytic activities 

including a 2`-deoxyuridine endonuclease activity which has not been detected in any other 

protein so far. To make the reader familiar with the biological context of Mth0212, in the 

following the present state of research in the field of DNA damage and repair is briefly 

summarized. Special emphasis will be put on the functional role of Mth0212 and related 

enzymes. 

 

8.1.   DAMAGES IN DNA 

Deoxyribonucleic acid (DNA) ubiquitously bears the genetic information in all organisms 

known so far, in retroviruses its function is taken over by ribonucleic acid (RNA). The 

encoded information is crucial for survival of the respective cell since it is converted into 

protein or non-coding RNA molecules (e.g. ribosomal RNA, transfer RNA and micro RNA) 

via transcription and translation processes. In healthy cells, DNA is composed of four 

different kinds of deoxyribonucleotide monophosphates (dNMPs) consisting of a base, a 
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sugar moiety and a phosphate group. The four commonly occurring bases are adenine and 

guanine as well as cytosine and thymine bases grouped as purine and pyrimidine bases, 

respectively. As a part of regulatory mechanisms the base and sugar moieties of each dNMP 

can be modified by specific enzymes. In contrast to these well-directed modifications, 

nucleotides can also undergo accidental changes referred to as DNA damage. Unrepaired 

DNA damage can lead to inaccurate RNA sequences as well as amino acid substitutions in 

proteins, which subsequently might result in severe cellular dysfunctions such as abnormal 

cellular regulatory mechanisms and enzyme inhibition. Finally, DNA damage might result in 

pathogenic phenotypes or even in apoptosis.  

 

       8.1.1.   Causes of DNA damage 

DNA damage is caused by environmental, chemical or enzymatic mechanisms and occurs 

quite frequently. This especially applies to thermophilic bacteria due to the pronounced base 

damaging effects of the extreme environmental temperature.  

 

8.1.2. Kinds of DNA damage 

The dominant form of DNA damage concerns the bases. In each cell, thousands of bases of 

the genomic DNA are damaged per day, thereof several hundred spontaneous hydrolytic 

deaminations of cytosines resulting in uridine residues (Bernstein, 1991; Ames et al., 1993; 

Lindahl, 1993; Fondufe-Mittendorf et al., 2002). Particularly in single-stranded DNA and 

therefore in actively transcribed genes and in replication forks deaminations occur frequently 

(Ames et al., 1993).  

 

Fig. II-  1. Uracil as a result of cytosine deamination. 
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8.1.3. 2`-Deoxyuridine residues arising in DNA 

The presence of uracil within DNA as a result of the spontaneous deamination of cytosine 

(Fig. II-1) is pre-mutagenic since it can lead to a CG → AT transition mutation. Besides, a 

uridine residue within DNA can arise from its wrong incorporation during the replication 

process due to a low level of the dTTP pool in the cell (Tye et al., 1977; Wist et al., 1978). 

The substitution of a uridine residue by the correct cytosine is critical for the maintenance of 

the genomic information, and therefore enzymes acting in the repair of uridines pla y an 

important role in all organisms.  

 

 

8.2. DNA DAMAGE REPAIR 
 

8.2.2. The base excision repair (BER) pathway 

Many different DNA repair mechanisms for the recognition and removal of damaged DNA 

bases have been identified. Most frequently observed is the rapid damage-scanning 

mechanism which probes for both conformational deviations and local deformability of the 

DNA base stack that leads to enzyme-induced conformational changes at susceptible lesions 

and thus results in interactions with specific damaged bases.  

Commonly, uridine residues are excised from DNA in two steps catalyzed by the successive 

action of a uracil DNA glycosylase (UDG) cleaving the N-glycosidic bond (Lindahl et al., 

1977) and an AP endonuclease acting on the phosphodiester bond on the 5`-side of the 

generated apyrimidinic / apurinic site (AP site).  Both enzymes belong to the base excision 

repair pathway (BER) (Fig. II-2) and are functionally substituted by Mth0212 as described 

below (8.2.4.).  

 

Fig. II-2. The base excision repair pathway 
(BER). For clarity, in black only the minimally 
required steps in human are shown. UDG = 
uracil DNA glycosylase, * AP site =  apurinic / 
apyrimidinic site. Mth0212 takes over the 
function of both, UDG and a BER general AP 
endonuclease - but catalyzed in a single step - 
in the archaeon M. thermoautotrophicus which 
lacks a general UDG as outlined below.  
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8.2.3. Uracil DNA glycosylases generating apurinic / apyrimidinic (AP) sites 

 

Recently, Mth0212 has been demonstrated to take over the role of a UDG in 

Methanothermobacter thermoautotrophicus (Schomacher et al., 2009). Thus, UDGs are 

shortly introduced in the following. These enzymes are conserved from bacteria to human 

(Aravind and Koonin, 2000). So far, only a few organisms are known to lack a homologue of 

the UDG superfamily - among them some larval stages of Drosophila melanogaster (Bekesi 

et al., 2007) and M. thermoautotrophicus (Georg et al., 2006; Schomacher et al., 2009). 

Singularly mono-functional UDGs have been identified so far. The enzyme class of bi-

functional DNA glycosylases comprises only cytosine, thymidine, adenine as well as guanine 

DNA glycosylases (CDGs, TDGs, ADGs, GDGs) (reviewed in Lindahl et al., 1977). They 

specifically remove one of the four bases by the cleavage of the N-glycosidic bond and 

subsequently also the generated AP site. Pseudouridine containing DNA (ψ-DNA) cannot be 

processed by either mono- or bifunctional glycosylases including UDG (Lindahl et al., 1977), 

since both enzyme classes act on the glycosidic bond. 

UDGs hydrolytically act on both single- (ss) and double-stranded (ds) DNA (reviewed in 

Lindahl et al., 1977; Pearl, 2000). The structure of human UDG in complex with dsDNA is  

represented in Fig. II-3. 

  

Fig. II-3. Uracil DNA glycosylase (UDG). Cartoon representation (PDB code 1EMH) coloured by 
secondary structure elements and close up onto the uracil binding pocket (Parikh et al., 2000).  

 

8.2.4. AP endonucleases 

Mth0212 serves as an AP endonuclease (Georg et al., 2006). Therefore, these proteins are 

introduced briefly in the following. AP endonucleases which excise AP sites from DNA are 

divided into two main classes (Levin & Demple, 1990). Class I enzymes cleave on the 3`-side 
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of an AP site using a β-elimination mechanism, they are also referred to as AP lyases. In 

contrast, class II AP endonucleases hydrolytically cleave the phosphodiester bond on the 5`-

side of an abasic site, thus initiating the BER pathway (Fig. II-4). Based on sequence 

similarity class II enzymes have been further sub-classified into two families represented by 

exonuclease III (ExoIII) and endonuclease IV (EndoIV) of Escherichia coli and thus termed 

accordingly. In E. coli, the main AP endonuclease is ExoIII exhibiting 90% of the total 

cellular AP endonuclease activity, whereas Endo IV accounts for the remaining 10% (Seeberg 

et al., 1995). The structure of endonuclease IV from E. coli was solved in complex with DNA 

and helped to understand the acquired mechanism which involves double-nucleotide flipping 

at the abasic site and three-metal- ion catalysis (Hosfield et al., 1999). Regarding the 

structurally completely unrelated ExoIII family, several homologues have been analyzed by 

means of X-ray crystallography - human Ape1 and Af_Exo from Archaeoglobus fulgidus also 

in complex with DNA - as described in detail in chapter 10.  

The members of the ExoIII family of nucleases incise the phosphodiester backbone via an 

acid–base SN2(P) catalytic mechanism which is facilitated by divalent metal ions (Gerlt, 

1993). In their active site, a catalytic triade is formed by a glutamate, an aspartate and a 

histidine residue (e.g. Glu96, Asp210 and His309 of Ape1). In particular for Ape1, several 

different catalytic mechanisms have been proposed, which are based on either a single or two 

metal ions(s) (reviewed in Wilson et al., 2001) (Fig. II-4).  

The first proposed hypothesis (scheme 1 of Fig. II-4) states that His309 abstracts a proton 

from a water molecule to generate a hydroxyl anion serving as the nucleophile. The Mg2+ has 

an electron withdrawing effect and likely helps to orient the target phosphate (Barzilay et al., 

1995), while the leaving group is stabilized by the protonated Asp210 (Erzberger & Wilson, 

1999). Based on Ape1 crystal structures in complex with DNA, the mechanism was modified 

resulting in scheme 2 shown in Fig. II-4. Instead of His309, Asp210 abstracts a proton from a 

water molecule, whereas the protonated histidine orients the phosphate group of the DNA 

substituting for Mg2+ which stabilizes the leaving group in place of Asp210 (Mol et al., 2000). 

According to a more recently proposed hypothesis (scheme 3 of Fig. II-4) two magnesium 

ions are involved in the mechanism. One cation coordinates the generated nucleophilic 

hydroxyl ion (Beernink et al., 2001), whereas the second metal ion neutralizes the charge of 

the penta-covalent intermediate and / or stabilizes the 3` leaving group.  
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Fig. II-4. Proposed catalytic mechanisms of the removal of AP sites by the class I I AP endonuclease 
Ape1. The bracketed central arrangement of each scheme represents the respective transition state / 
intermediate.  

 

 

8.2.5. The exonuclease III homologue Mth0212 from the hyperthermophilic 

archaeon Methanothermobacter thermoautotrophicus 

 

In the thermophilic archaeon M. thermoautotrophicus, which is devoid of a UDG, the 

function to initiate the repair of uracil bases in DNA is taken over by the Exo III homologue 

Mth0212 as demonstrated by immunodepletion studies (Fig. II-5) (Schomacher et al., 2009). 

However, the mechanisms of the common BER pathway and dU repair initiation by Mth0212 

differ significantly. While the dU is ubiquitously removed in a two step procedure catalyzed 

by UDG and an AP endonuclease, Mth0212 removes the dU residue in a single step by a 

direct incision of the phosphodiester bond on the 5`-side of the dU. The advantage of the 

latter mechanism evidently is to avoid the occurrence of a toxic and pre-mutagenic AP site 
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and not to require the transfer of the even more critical product that contains the AP site from 

one enzyme of the DNA repair machinery to the next. The ability of Mth012 to remove dU in 

a single step was evidenced with the help of pseudouridine (ψ) containing DNA substrates 

(Fig. II-6) (Georg et al., 2006). Mth0212 is able to excise ψ residues arguing against a 

cleavage of the glycosidic bond and thus excluding the possibility, that Mth0212 is a bi-

functional DNA glycosylase. 

(a)    (b)  

Fig. II-5. Demonstration of the dU endonuclease activity in cell extracts from M. thermoautotrophicus 
(Schomacher et al., 2009). F: fluorescein moiety, nt: nucleotides. Three substrates differing only in 
the identity of residue ‘X’ (U, C or T) were tested (3`-overhang of 10 and 5 nt in the labeled and 
unlabeled strand, respectively). (a) Schematic drawing of the substrate and expected reaction 
products. (b) Trackings of fluorescence readouts recorded by an ALF DNA sequencer with the run 
time difference between the marker oligonucleotides indicated below. Mth0212 immunodepletion: 
“+” and “-“ denote pretreatment or no treatment of cell extract with α -Mth212 antibodies prior to 
the reaction.  

 

In contrast to UDGs, Mth0212 can remove dU only from dsDNA (Fig. II-6). Since most of 

the cytosine deaminations occur in ssDNA (Lindahl, 1993; Krokan et al., 1997; Krokan et al., 

2002; Barnes & Lindahl, 2004; Friedberg et al., 2006; reviewed in Yonekura et al., 2009) and 

thus the majority of dU residues is located therein, an enzyme responsible for the excision of 

dU from ssDNA might exist in the UDG lacking archaeon M. thermoautotrophicus as well in 

order to enable the cell to get rid of uracil in DNA and thus to ensure the maintenance of the 

correct genomic information. However, this catalytic function could not have been assigned to 

any enzyme so far making the role of Mth0212 in uracil DNA damage repair unique. 

 

107



Part II   -   8. Introduction 

 

 

 

 

 

Fig. II-6. Discrimination of dU endonuclease activity of Mth0212 from possible glycosylase activity 
(Georg et al., 2006). At the bottom, a schematic representation of the substrates and the 
modifications in the sequence are shown (pt: phosphorothioate linkage between the nucleotides 23 
and 24, ψ: 2`-deoxypseudouridine). The X/Y base pair was varied as denoted on the left side of each 
experiment. Assays using E. coli Ung and Mth212 are shown in the left and right panel, respectively.  

 

A common feature between the structurally unrelated UDGs and Mth0212 is the specific 

recognition of dU, whereas cytidine and thymidine are not successfully recognized or at least 

not processed (Fig. II-5). Thus, the interactions of the enzymes with the damaged bases are 

very specific, although independent of any sequence context (Werner et al., 2000). This 

feature obviously contradicts the removal of any nucleotide type from the 3`-end by Mth0212, 

and such a combination might be only possible since DNA repair enzymes have evolved 

under the highest evolutionary pressure. With this knowledge in mind, the low in vitro affinity 

of Mth0212 for uridine in DNA is even more surprising and supports the hypothesis of an 

additional element enhancing the recognition efficiency in vivo.  
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Fig. II-7. AP and dU endonuclease activity assay of Mth212 (Georg et al., 2006). Substrate as in        
Fig. II-6, ssDNA consisted singularly of the 40-mer. AP = chemically stable analogue of a base-free site 
in the DNA. The assay was performed as described previously (Georg et al., 2006). NaOH: post-
reaction treatment with NaOH, EDTA: presence of 10 mM EDTA in the assay buffer to test the 
dependence on divalent metal ions. 

 

Like all other members of the ExoIII family (reviewed in Demple & Harrison, 1994), 

Mth0212 acts as an AP endonuclease hydrolysing the phosphodiester backbone immediately 

5` to AP sites in DNA (Fig. II-7) thus initiating the damage-general steps of the BER 

pathway. In addition to its function as an abasic endonuclease, Mth0212 serves as a 3`-5` 
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exonuclease which becomes obvious in partial exonucleolytic degradation of dsDNA in 

activity assays as shown in Figs. II-5 – II-8. 

Concerning the eponymous hallmark of the ExoII family, ExoIII from E. coli is the best 

studied enzyme, while the second conserved function, the AP endonuclease activity, has been 

extensively studied in human Ape1. Thus, most aspects of the Mth0212 structures are 

discussed in comparison with these two enzymes.  

(a)  

(b)  

Fig. II-8. Characterization of the rationally designed mutant Mth0212(D151N) in comparison with 
Mth212(WT) (Georg et al., 2006). Substrates as in Fig. II-6.  (a) Activity assays. Molar ratios of 
substrate:enzyme are denoted in the grey bars. (b) Electrophoretic mobility shift assays (EMSAs) 
using double-stranded oligonucleotides. As reference, the free substrates were loaded in the 
leftmost lanes. Amounts of competitor DNA (plasmid DNA) are indicated as nucleotide equivalents 
relative to substrate oligonucleotides. 
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It has not been examined so far whether all the other activities of a classical ExoIII 

homologue such as the 3`-phosphodiesterase and a 3`-phosphatase activity significantly 

present in the homologous LAMP from Leishmania major (Vidal et al., 2007) or an RNaseH 

activity evidenced in Exo III (reviewed in Demple & Harrison, 1994) and Ape1 (Barzilay et 

al., 1995) are carried out by Mth0212 as well. However, Mth0212 combines the 

enzymological hallmarks of the ExoIII family with the uridine endonuclease activity. The 

efficiency of the removal of a dU residue seems to depend on the nature of the opposing 

nucleotide (laboratory of Prof. H.-J. Fritz, Göttingen, unpublished data, personal 

communication). Asp151 of Mth0212 has been shown to be required for all nucleolytic 

activities (Fig. II-8). 

 

Theoretical projections of the Mth0212 amino acid sequence onto 3D structures of the 

homologous repair enzyme ExoIII lacking the uridine endonuclease activity could not shed 

light on the structural basis for the expanded substrate specificity (Georg et al., 2006). The 

recognition of 2`-deoxyuridine (dU) as the specific substrate of the dU endonuclease activity 

of Mth0212 seems to stand in contrast to its broad spectrum binding capability regarding the 

classical DNA repair activities shared with the other members of the ExoIII family. In order 

to obtain a deeper insight into the molecular basis of the dU specificity, knowledge about 

structural details of Mth0212 is crucial.  

Within the scope of my PhD thesis the crystal structures of Mth0212 alone as well as in 

complex with different substrate DNAs have been determined. The rationally designed mutant 

Mth0212(D151N) used for some co-crystallization trials with DNA oligonucleotides has been 

shown to be severely deficient in DNA uridine endonuclease, AP endonuclease and 3´5` 

exonuclease activities (Fig. II-8a), but properly folded, since it binds specifically to AP/G 

substrates (Fig. II-8b). The results of the activity assays with this mutant suggest that all 

activities are carried out by a single active site (Georg et al., 2006).  
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9. OBJECTIVES 

Theoretical projections of the Mth0212 amino acid sequence onto 3D structures of the 

homologous repair enzyme ExoIII lacking the dU endonuclease activity could not shed light 

on the structural basis for the expanded substrate specificity (Georg, 2006 #61). Thus, to gain 

insight into the molecular basis for the additional dU recognition, we set out to determine the 

crystal structures of Mth0212 alone as well as in complex with different substrate DNAs. 

Altough the main focus was on the dU specificity, contributions to the still on-going 

discussion regarding the number of bound divalent metal ions required by members of the 

ExoIII family were an issue as well. Additionally, the crystallographic approach was aimed to 

help in understanding how the 3`-5` exocnuclease, AP and dU endonuclease activities can be 

carried out at the same active site.  

 

 

10. 3`-5` EXO COMPETES WITH 2`-DEOXYURIDINE ENDONUCLEASE 

ACTIVITY: STRUCTURES OF THE ARCHAEAL EXOIII 

HOMOLOGUE MTH0212 WITHOUT AND IN COMPLEX WITH 

DIFFERENT SUBSTRATE DNAS SHED LIGHT ON THE UNIQUE 

COMBINATION OF DNA REPAIR ACTIVITIES 

 

10.1. OBJECTIVES AND AUTHORS` CONTRIBUTIONS 

This PhD thesis presents five structures of the DNA repair enzyme in its apo form and nine 

structures of the protein in complex with DNA. The manuscript intended for publication of 

the major results is currently prepared and attached in the following in its actual state. The 

apo structures belong to different crystallographic space groups and contain the wild -type 

protein with bound magnesium or manganese ion(s) and the rationally designed mutants 

K116A and D151N which are catalytically active and inactive, respectively. The Mth0212-

DNA complex structures comprise dsDNA of varying lengths and sequence exhibiting blunt 

as well as sticky ends or 4 nt long ssDNA. All complex structures reflect the eponymous 

exonucleolytic activity of Mth0212. 
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Detailed analysis of the diverse complexes in concert with comparison amongst each other 

and with structures of ExoIII homologues, in particular with human Ape1-DNA complexes, 

provided insight into the mode of divalent metal ion and DNA binding at the active site and 

yielded a hypothesis about the presumable 2`-deoxyuridine recognition. 

For an overview, the PDB-IDs and titles of each structure are attached as an additional page 

in the back of this thesis. 

The protein used for determination of the structures 3FZI, 3G0A and 3G91 was prepared in 

the laboratory of Prof. Dr. Hans-Joachim Fritz by Lars Schomacher and Elena Ciirdaeva, 

respectively. For the first two structures, crystallization was performed by Dr. Achim 

Dickmanns and Annette Berndt. Data collection and processing as well as initial Molecular 

Replacement and refinement procedures were contributed by Dr. Achim Dickmanns. My 

contribution with Prof. Dr. Ralf Ficner as my supervisor concerns the purification and 

crystallization of two additional Mth0212 variants alone and of all nine Mth0212-DNA 

complexes for the remaining eleven structures. Moreover, I have performed subsequent data 

collection, refinement and PDB depositions as well as structural analysis and comparison of 

all 14 structures. In the course of the studies, regular discussions with all contributors as well 

as with Swetlana Ber from the laboratory of Prof. Fritz is acknowledged. They guided the 

selection of co-crystallized DNA sequences. Based on the results of the structural analysis 

performed in this PhD work currently mutational studies are performed in the lab of Prof. 

Fritz. Regarding the structure 3GA6, discussions with Dr. Regine-Herbst Irmer helped to 

solve the crystallographic problem of twinning.  

 

10.2. MANUSCRIPT IN PREPARATION: “3`-5` EXO COMPETES WITH                
                2`- DEOXYURIDINE ENDONUCLEASE FUNCTION IN MTH0212- 

               DNA COMPLEX STRUCTURES”  
 

For clarity reasons, the figure captions are not included in the text of the manuscript, but     

presented in the subsequent figure section below each respective figure.  
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Synopsis 

 

Crystal structures of the ExoIII homolog Mth0212 from the thermophilic archaeon 

Methanothermobacter thermoautotrophicus in its apo form and in complex with different 

DNA substrates have identified key residues for the classical ExoIII- like activities as well as 

the additional 2`-deoxyuridine endonucleolytic function.  
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Abstract 

 

The exonuclease III homolog Mth0212 of the thermophilic archaeon Methanothermobacter 

thermoautotrophicus displays a unique combination of DNA repair activities with an 

expanded substrate specificity. In addition to the biochemical hallmarks of the ExoIII family 

such as a 3`-5`exonuclease and an AP endonuclease function, it exhibits a 2`-deoxyuridine 

(dU) endonuclease activity initiating the removal of dU residues from double-stranded DNA. 

The reliable repair of this common and pre-mutagenic base damage is crucial for the correct 

maintenance of the genomic information. Mth0212 compensates for the lack of a completely 

unrelated, otherwise almost ubiquitous uracil DNA glycosylase (UDG) in                              

M. thermoautotrophicus and substitutes a catalytic reaction catalyzed by two enzymes by a 

single step mechanism.  

Thus, the general statement that any uracil base in DNA is removed by UDG has to be partly 

corrected. At least in M. thermoautotrophicus an alternative strategy has evolved. 

In order to understand how the different nucleolytic activities of Mth0212 can be 

accomplished in a single active site and to get a deeper insight into the recognition of dU, we 

characterized the enzyme by means of X-ray crystallography. Five crystal structures of 

Mth0212 alone as well as nine structures in complex with different DNA substrates and 

products were determined to a resolution between 1.2 and 3.1 Å using wild-type or mutant 

proteins (K116A and D151N). Mth0212-DNA contacts across the whole interaction surface 

of the enzyme were revealed.  

The complex structures show Mth0212 in its eponymous exonucleolytic function and give no 

direct insight into the mechanism of the additional dU endonuclease activity. Detailed 

comparison of the protein-DNA interactions and the binding of additional ligands such as 

phosphate and Mg2+ ions with each other and with homologous structures provided putative 

explanations for the unique combination of DNA repair activities.  

Most likely tiny structural differences result in the expanded substrate spectrum of Mth0212 

compared with ExoIII homologs only exhibiting the biochemical hallmarks of this nuclease 

family. The insertion of the side chain of Arg209 into the DNA helical base stack which 

resembles interactions observed in human UDG in concert with Ser171, Asn114, Asn153 and 

in particular Lys125 in the substrate binding pocket are supposed to play key roles in dU 

recognition.  
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Introduction 

In each cell, thousands of bases of the genomic DNA are damaged per day, thereof several 

hundred spontaneous hydrolytic deaminations of cytosines resulting in 2`-deoxyuridine 

residues (dU) 1; 2; 3; 4. Besides, dU within DNA can arise from its wrong incorporation during 

the replication process due to a low level of the dTTP pool in the cell 5; 6. The presence of dU 

within DNA is pre-mutagenic, and substitution by the correct cytosine or thymidine is critical 

for the maintenance of the genomic information. Therefore enzymes acting in the dU repair 

play an important role in all organisms.  

Commonly, dU is excised from DNA in two steps catalyzed by the success ive action of a 

uracil DNA glycosylase (UDG) cleaving the N-glycosidic bond 7 and an AP endonuclease 

acting on the phosphodiester bond on the 5`-side of the generated apyrimidinic / apurinic site 

(AP site). Both enzymes are part of the base excision repair (BER) pathway which represents 

the primary defense against all major forms of DNA base damage.  

 

UDGs are conserved from bacteria to human 8. So far, only very few organisms are known to 

lack a homolog of the UDG superfamily - among them M. thermoautotrophicus 9; 10. In         

M. thermoautotrophicus, the function to initiate the repair of uracil bases in DNA is taken 

over by the Exo III homolog Mth0212 9. However, the mechanisms of the two repair 

pathways differ significantly. The ubiquitous two step procedure catalyzed by UDG and an 

AP endonuclease is replaced by the direct incision of the phosphodiester bond on the 5`-side 

of the dU by Mth0212 in a single step 9. The advantage of the latter mechanism evidently is to 

avoid the occurrence of a product containing the even more toxic and pre-mutagenic AP site 

and its transfer to the next enzyme of the BER pathway. The ability of Mth012 to remove dU 

in a single step was demonstrated with the help of pseudouridine (ψ) containing DNA 

substrates 9. Mth0212 can remove dU only from dsDNA with a dependence of the efficiency 

on the nature of the opposing nucleotide 9. However, since an equivalent catalytic function 

could not have been assigned to any enzyme so far, the role of Mth0212 in uracil DNA 

damage repair is unique.  

 

Like all other members of the ExoIII family 11; 12; 13; 14; 15; 16 (reviewed in 17), Mth0212 acts as 

an AP endonuclease hydrolysing the DNA phosphodiester backbone immediately 5` to AP 

sites 18; 19; 20. Thus it initiates the general steps of the BER pathway which are the same for 

damaged bases of all four common nucleotides as reviewed in 17 20. In addition to its function 
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as an abasic endonuclease, Mth0212 serves as a 3`-5` exonuclease 9; 18; 20. Whether all the 

other activities of a classical ExoIII homolog such as the 3`-phosphodiesterase,                             

3`-phosphatase 21 or an RNaseH activity (reviewed in 17; 22) are carried out by Mth0212 as 

well, has not been examined so far.  

In particular the homologs Ape1 and ExoIII have been studied in detail 22; 23; 24; 25; 26; 27; 28; 29; 30; 

31; 32; 33 (reviewed in 17; 34). These and several further ExoIII homologs have been structurally 

analyzed by means of X-ray crystallography as summarized in Table 1. The three-

dimensional overall structure of Mth0212 additionally resembles that of bovine DNaseI and 

the human targeting LINE-1 retrotransposon endonuclease (Tab. 1). On the protein sequence 

level, Mth0212 shows the highest similarity to NAPE1 with 41 % identity of 253 aligned 

amino acid residues. Ape1 and Af_Exo which exhibit 40 % and 30 % sequence identity are 

the only homologs that have been studied in complex with DNA 35; 36. While all Ape1-DNA 

complexes represent the AP endonuclease function of the enzyme, Af_ExoIII is bound to the 

3`-end of dsDNA, but lacks both a phosphate group and a catalytically essential magnesium 

ion in the active site.  

 

However, Mth0212 exhibits a unique combination of DNA repair activities comprising the 3`-

5` exonucleolytic, the AP and additionally the dU endonucleolytic functions. They are carried 

out in a single active site 9 as shown by severe defects concerning all activities in the 

rationally designed mutant Mth0212 (D151N) 9. The subtle discrimination between the 

different pyrimidine bases in order to prevent the removal of cytidine and thymidine residues 

by Mth0212 is shared with UDG. The structures of both enzymes are completely unrelated. 

Thus, most likely the dU recognition has evolved independently from each other raising the 

interest how the very specific interactions are achieved by Mth0212 and to compare the two 

recognition mechanisms. This in particular applies since the ExoIII homolog has to take an 

additional challenge, namely the combination with its concurrent ability to remove any 

nucleotide from the 3`-end of dsDNA excluding a ubiquitous exclusion of the four common 

nucleotides.  

 

Theoretical projections of the Mth0212 amino acid sequence onto 3D structures of 

homologous ExoIII enzymes could not shed light on the structural basis for the expanded 

substrate specificity 9. Thus, to get a deeper insight into the molecular basis for the additional 

dU recognition, we determined the crystal structures of Mth0212 alone as well as in complex 

with different substrate DNAs. The complex structures help to understand how the substrates 
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of the 3`-5` exocnucleolytic as well as the AP and dU endonucleolytic incision are recognized 

by the same set of amino acid residues involving a significant distortion of the bound DNA 

duplices. Additionally, this work contributes to the still on-going discussion regarding the 

number of bound divalent metal ions which are catalytically essential as well as their 

coordination sites and thus indicates a catalytic mechanism of Mth0212 more resembling that 

initially suggested for Ape1 rather than a cleavage involving two metal ions.  

 

 

Results and discussion 

 

Structure determination 

 

In order to understand, how the different DNA repair activities of Mth0212 can be 

accomplished in a single active site, the nuclease was crystallized alone as well as in complex 

with distinct substrate DNAs (Fig. 1). To prevent the degradation of the DNA during 

crystallization, the rationally designed catalytically inactive mutant Mth0212(D151N) was 

incubated with common DNA. Alternatively, non-cleavable DNA oligonucleotides were used 

for complex formation with the wild-type protein or the rationally designed active mutant 

K116A lacking one flexible side chain, respectively. The type of protein and the DNA 

sequences used for co-crystallization are listed separately for each determined structure in 

tables 2 and 3. In general, the same expression and purification procedures were used for WT 

and mutant enzymes. They are based on the protocol reported previously 9 and were 

optimized during the course of the various crystallization experiments and modified as far as 

required for each individual sub-project. Details are described in the materials and methods 

section.  

The crystallization conditions for both Mth0212 alone and for the distinct Mth0212-DNA 

complexes are summarized in Table 3, while Table 4 lists the respective space group and unit 

cell parameters. The structures were solved by means of Molecular Replacement (MR) as 

described in Materials and Methods.  

 

Four Mth0212-DNA complexes comprise the wild-type protein (3G2C, 3G3Y, 3G3C, 3G4T), 

whereas the remaining five complex structures contain the rationally designed catalytically 

inactive mutant Mth0212(D151N) (3G2D, 3G38, 3G0R, 3G00, 3GA6). Seven structures 

show Mth0212 in interaction with double-stranded DNA, only two structures (3G2C, 3G3Y) 

118



Part II   -   10. 3`-5  ̀Exo Competes with 2`-Deoxyuridine Endonuclease Function in Mth0212  

  

   
 

represent contacts with single-stranded DNA, which both are four nucleotides in length             

(Fig. 1). For the structures 3G2D, 3G38, 3G0R and 3GA6, GC-rich DNA sequences of 8-12 

bp were used. In contrast, the 9 bp sequences yielding 3G2C, 3G3Y, 3G3C, 3G4T, 3G00 and 

3G1K commonly were palindromic with the same amount of G-C and A-T pairs as follows. 

The more flexible A-T base pairs flanked the dU residue in the central region in order to 

facilitate the putative flipping of dU, whereas two more rigid G-C base pairs were located at 

both ends to stabilize the double helix for improved crystal contact formation. The base 

opposite of dU was varied between G, C and T. As indicated in Tab. 2, a bulky fluorescent 

dye was attached to both 3`-ends of some dsDNAs. It was intended to prevent these ends from 

binding to Mth0212 and exonucleolytic degradation. Also after transfer into cryo protecting 

solution, crystals displayed the pink colour characteristic of the dye interpreted as an 

unambiguous sign of successful complex crystallization including the label. Surprisingly, 

some nucleotides were not defined in the electron density and due to DNA binding mode and 

position seemed to have been degraded. 

The structure 3GA6 was refined as a twinned crystal in the space group P21 with PHENIX 37 

using the twin law “l,-k,h”, and analysis as well as refinement procedures are described in 

supplementary material and methods. 

 

 

Structures of Mth0212 wild-type and mutant proteins alone (3FZI, 3G1K, 3G8V, 3G91, 

2G0A) 

 

Five structures of Mth0212 alone were obtained. Three apo structures represent the wild-type 

protein crystallized in the hexagonal space group P65 (3FZI, 3G0A) or in the monoclinic 

space group P21 (3G1K) and were refined to a resolution of 1.9, 2.6 and 3.1 Å, respectively. 

While Mth0212 binds a single naturally occurring magnesium ion in 3FZI, two anomalous 

scattering manganese ions are included in the structure 3G0A. The metal ion coordination is 

discussed separately further below. As expected due to observations in homologous proteins, 

the D151N mutation seems to result in the loss of metal ion binding ability of Mth0212.  

Accordingly, no metal ion could be placed in the structure 3G8V. In contrast, the respective 

mutation did not cause any significant changes in the active site arrangement or in the 

conformation of the DNA binding residues when compared with the wild-type apo structures 

3FZI and 3G1K. The same applies to the K116A mutation, which is represented in the 1.2 Å 

resolution structure 3G91. 
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Overall structure of Mth0212 

Besides the recently published structure of Af_ExoIII, the Mth0212  crystal structure 

represents the only structure of an ExoIII homolog of the archaeal domain. Its overall 

structure resembles that of other ExoIII homologs as discussed in detail further below. Thus, a 

detailed description of the secondary structure elements is only provided as supplemental 

information. Briefly, the globular α/β protein consists of two domains with similar topologies 

each comprising a six-stranded β-sheet surrounded by α-helices. The three specific loop 

regions of Mth0212 involved in DNA binding, which are shared by all ExoIII homologs but 

lacking in the structurally related DNaseI, comprise the residues Asn114-Arg121 (loop I), 

Arg163-Gly172 (loop II) and Trp205-Trp219 (loop III). They are marked with arrows in        

Fig. S3. 

 

In a few structures, several residues of the C-terminal affinity tag (Leu-Glu-His6) are clearly 

defined in the electron density and involved in intermolecular hydrogen bonds at crystal 

contacts. In the high resolution apo structure 3G91, direct hydrogen bonds are formed 

between the side chains of Glu259 and His261 and the backbone carbonyl oxygen of Gly201 

and the Nδ2 atom of Asn216 of a symmetry equivalent molecule, respectively. In contrast, 

none of the complex structures include more than the first two residues of the expression tag.  

An analysis of contacts between symmetry equivalent molecules in the crystal using PISA 38 

indicates Mth0212 to exist as a monomer. These calculations are in accordance with the 

protein eluting from the gel filtration column at a volume which corresponds to a molecular 

weight of about 31 kDa.  

 

 

Metal ion coordination 

When Mth0212(WT) crystals were soaked with MnCl2, two divalent metal cations could be 

identified unambiguously based on their anomalous scattering (3G0A). They are shown in 

Fig. 2 and subsequently referred to as metal coordination sites A and B, which are located 

about 5.8 Å away from each other in the active site. However, the two manganese ions 

included in the structure 3G0A might exhibit different occupancies. The peak in the 

anomalous difference map at site A disappears only at a level of 11.7 ζ and thus is 

significantly larger than that at site B with a height of 5.1 ζ. Nevertheless, also the latter is 

strong enough to place a manganese ion at site B. Site A is formed by the side chains of 
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Asn12 and Glu38, while the Mn2+ ion at site B is coordinated by the side chains of Asp151, 

Asn153 and His248. Additionally, one or two water molecules interact with the metal ions 

resulting in a four- and six- fold coordination at site A and B due to the bi-dentate ligand 

binding of Glu38 and Asp151, respectively. The metal ion – protein ligand distances amount 

to only 2.15-2.53 Å at site A, whereas the weaker binding at site B might be explained by the 

greater distances ranging between 2.33-3.55 Å. 

In none of the other structures which were yielded in presence of magnesium ions two 

divalent metal ions are bound in the active site of Mth0212 (Fig. 1). Only a single Mg2+ ion is 

coordinated, namely by Asn12 and Glu38 at binding site A. Interestingly, it was observed 

only when Asp151 was present, although this residue is part of the other metal coordination 

site. In the structures of the mutant Mth0212(D151N) a metal ion was not identified in the 

active site – neither in the apo structure (3G8V) nor in complex structures with DNA (3G2D, 

3G38, 3G0R, 3G00, 3GA6). The Mg2+ ion in structure 3FZI must have been derived already 

from the expression medium indicating a strong binding which kept the cation in the active 

site throughout the purification procedure despite of the use of buffers lacking magnesium.  

 

 

Structures of Mth0212 in complex with different substrate DNAs  

 

In addition to the five structures of Mth0212 alone described above, nine Mth0212-DNA 

complex structures were obtained using WT (3G2C, 3G3Y, 3G3C, 3G4T) and mutant protein 

(D151N: 3G2D, 3G38, 3G0R, 3G00, 3GA6), respectively.  They differ in the binding of the 

respective DNA substrates as contain DNA molecules of various lengths exhibiting 

nucleotide overhangs or distorted base pairs in some structures (Fig. 1, 3) (according to 

analysis with AMIGOS 39 and described in material and methods). Moreover, due to the 

variety in the length and sequence of the DNA, they crystallized in different monoclinic, 

orthorhombic and hexagonal space groups with diverse unit cells dimensions (for details cf. 

Tab. 4).  

Although Mth0212 acts as a monomer, the binding stoichiometry of protein:dsDNA is 2:1 in 

all structures except for 3G2D, 3G38 and 3GA6. In all complexes in which two Mth0212 

molecules bind only a single DNA duplex, the binding interface is located on the same 

domain of the enzyme comprising Met117 and Lys165. These observations led to the 

conclusion, that this domain of Mth0212 has a significantly higher affinity to the DNA sugar-

phosphate backbone than the second domain and consequently provides the main DNA 
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binding interface of the protein. Surprisingly, the surface potential of this domain appears to 

be less positively charged than that of the domain including Lys66 (Fig. 4a).  

 

The complex structure 3GA6 was yielded upon incubation of the catalytically inactive mutant 

Mth0212(D151N) with 12 bp blunt-ended dsDNA containing a 2`-deoxyuridine / guanine 

mismatch. The asymmetric unit comprises two protein molecules, each of them bound to two 

dsDNA molecules which are both shared between the two protein molecules (or their 

symmetry equivalents). All amino acid residues involved in contacts to the DNA substrates in 

any of the eight other Mth0212-DNA complex structures interact also with the DNA in the 

structure 3GA6. Thus, the DNA contacting residues as well as the proposed dU recognition 

mechanism mainly will be described for this structure.  

The structure 3GA6 represents two different Mth0212(D151N)-DNA complexes with a one 

nucleotide long overhang at one end of the 10 bp and 11 bp dsDNA molecule, respectively. 

The blunt ends of both DNA helices are bound close to the active site of Mth0212 separated 

by the insertion of Arg209 into the DNA duplex and forming stacking interactions via its side 

chain guanidinium group (Fig. 4b).  

Contacts to the DNA duplices I and II, respectively, are mediated by the residues Lys116, 

Arg163, Asn167, Arg209, Thr210, Arg215 as well as Trp219 and Gly13, Ala16, Arg19, 

Lys20, Gln45, Arg65, Lys66, Tyr68, Met117 as well as Tyr208 (Fig. 4c). The amino acids 

and nucleotides interact via hydrogen bonds except for cation-π-stacking formed between the 

terminal base pair and the side chain of Arg209 and pure Van-der-Waals interactions 

involving Gly13 and Met117. Most residues interact directly, while Thr210 forms a water-

mediated hydrogen bond to a nucleotide of a terminal base pair. Arg15 and Arg215 each 

contact both a phosphate moiety and the O3` atom of the 5`-adjacent nucleotide.  

In the active site pocket of protein molecule B, a glycerol molecule from the cryo protecting 

solution participates in an extensive hydrogen bonding network directly involving the side 

chains of Lys125, Asn153, Ser171 and the carbonyl oxygen of Asn153 as well as water-

mediated contacts to both the side chain of Trp205 and the 3`-terminal phosphate moiety of 

one DNA strand.  

Biochemical studies have shown that the ds-specific 3`-5` exonuclease activity of Mth0212 

can be significantly reduced by the use of ssDNA-overhangs at the 3`-ends 20. Although it was 

not clear whether the overhang just inhibits the nucleolytic incision of the DNA or already 

prevents the productive binding of the enzyme to the 3`-end, an 11 bp dsDNA with a 2 nt long 
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at the 3`-end of one strand was used with intent to block the binding in an exonucleolytic 

manner. However, the structure 3G0R shows the exo-complex as well with two protein 

molecules bound to both ends of a dsDNA helix in the asymmetric unit. The DNA helix 

consists of eight common Watson-Crick base pairs as well as one distorted base pair and        

1-2 nt long tilted ssDNA overhangs at the ends, respectively.  

The penultimate residue of the 11 nt long DNA strand, cytosine 2 of chain K, is flipped out of 

the helix. Due to this extra-helical position, the 3`-adjacent nucleotide, cytosine K1, occupies 

the plane next to the final Watson-Crick base pair but takes a position between the base stacks 

of both strands still feasible for stacking interactions and reminding of the inserted Arg209 

side chain in the structure 3GA6. The last nucleotide of the complementary strand which 

afore most likely had formed a base pair with the flipped-out cytosine, remains unpaired in a 

strongly tilted conformation stabilized by hydrogen bonds between the base and the O4` and 

O5` deoxyribose atoms of cytosine K1. The distorted conformation of the terminal 

nucleotides which do not form a Watson-Crick base pair prevent the stacking interaction with 

the side chain of Arg209 observed in 3GA6. The peptide bond between Arg209 and Thr210 is 

flipped in both molecules of the asymmetric unit. 

At metal binding site A, a water molecule rather than a magnesium ion is located in the 

structure 3G0R bridging the side chains of Glu38 and Asp247 with the scissile backbone 

phosphate of the DNA (Fig. 5a). 

 

Under the crystallization conditions of the complexes 3GA6 and 3G0R, Mth0212 did not 

display its dU endonuclease activity (unpublished data, Elena Ciirdaeva, laboratory of Prof. 

Fritz). Therefore for subsequent co-crystallization experiments (3G2D, 3G38) the salt 

concentration which seemed to inhibit this activity was reduced both in the complex solution 

and in the crystallization reservoir solutions by preparing special low salt screens for initial 

crystallization trials. Finally (3G2C, 3G3Y, 3G3C, 3G4T, 3G00), the complex with DNA was 

formed in the same low salt concentration buffer system which enabled optimal dU activity in 

biochemical assays (20 mM KH2PO4/K2HPO4 pH 7.0, 50 mM KCl, 1 mM MgCl2) 9.  

 

Surprisingly, in the Mth0212(D151N) –DNA complex structure 3G2D, no phosphate anion is 

bound in the active site. Regarding protein molecule A, the lack might be explained by the 

binding of a polyethylene glycol molecule at the active site which mediates contacts between 

Mth0212 and the DNA, but there is no space filling solvent molecule in protein molecule B. 
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The structure 3G38 contains one Mth0212(D151N) and one 8 bp blunt-ended dsDNA 

molecule. The duplex exhibits a phosphorylated 3`-end, which is bound in the active site 

coordinated by Asn10, Glu38, Tyr111, Asp151, Asn153 and His248, whereas the side chains 

of Asn114 and Tyr68 fix the adjacent phosphate moiety. Thus, the terminal phosphate group 

is coordinated similarly to a free PO4
3- anion such as described e.g. for the structures of 

Mth0212 alone (3G91) and in complex with single- (3G2C) or double-stranded DNA              

(Fig. 5a).  

 

In the structure 3G0R, a phosphate anion is bound in the active sites of both protein molecules 

in the asymmetric unit with an occupancy of 70 % (Fig. 5b). As in several other structures 

such as 3GA6, Arg209 stacks with the final base pair of the dsDNA. However, the 

conformation of Arg209 in the structures 3G00 and 3GA6 differs. In 3G00, its side chain 

protrudes about 2.8 Å further into the direction of the DNA helical axis and enters the helix in 

an angle of about 60° to the hydrogen bonds of the terminal Watson-Crick base pair which is 

bound by Arg96. In contrast, in 3GA6, the entering basic side chain is oriented approximately 

perpendicular to the hydrogen bonds of the terminal base pair of the DNA molecule bound at 

the other domain of Mth0212, which contacts Arg215 and Arg163 and is only visible in 

3GA6.  

Like in both molecules of the complex structure 3G0R, the peptide bond between Arg209 and 

Thr210 is flipped in one molecule (A) of the complex 3G00. The observed flipping might be 

explained by the extreme distortion of the respective terminal base pairs nearby. 

 

Using the mutant protein Mth0212(D151N), in terms of the dU endonuclease activity only 

non-productive binding was achieved. This result might be explained with the assumption, 

that the magnesium ion coordinated in wild-type enzyme is not only catalytically essential, 

but also required for binding of dU in the active site, which anyhow seems to exhibit a quite 

weak affinity. In order to rule out this possibility, Mth0212(WT) was used for co-

crystallization with DNA. According to a decreased nucleolytic activity on phosphorothioate 

linkages 9, this modification was incorporated on the 5`-side of the target dU to prevent 

cleavage by Mth0212. Since the crystallization experiments were performed at 20°C, a 

temperature far below the optimum of the hyperthermophilic enzyme, the reaction was 

assumed to be completely abolished and the S-oxidation will be referred to as non-

hydrolysable in the following.  
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The structure 3G3C represents the wild-type protein in complex with a 6 bp dsDNA 

containing a single one nucleotide long 3`-overhang. The active site of both protein molecules 

in the asymmetric unit harbours the 3`-OH group of the overhanging nucleotide as well as a 

phosphate and a magnesium ion. Instead of a stacking interaction, Arg209 forms hydrogen 

bonds with this unpaired nucleotide, namely with the N1 atom of the base (adenine), and with 

the base and terminal phosphate group of the first nucleotide in the other DNA strand.  

The structure 3G4T looks quite similar despite of the presence of seven general base pairs 

resulting in two blunt ends. 

 

In contrast to the other Mth0212-DNA complex structures described so far, the structures 

3G3Y and 3G2C show Mth0212 in complex with single-stranded DNA bound adjacent to the 

active site. Both structures were yielded with wild-type protein.  

In 3G3Y, the 4 nt long strand exhibits a 5`-phosphate end and a hydroxyl group at the 3`-end. 

These observations lead to the assumption that the bound ssDNA is the product of 

exonucleolytic degradation and that the yielded 4 bp DNA does not form a stable duplex 

anymore resulting in the dissociation of the two strands.  

In principle, the DNA conformation in 3G2C looks similar to that in 3G3Y with one central 

nucleotide flipped out of the base stack and most likely represents a product as well. 

However, the protein – DNA and crystal contact interactions differ, and in 3G2C a phosphate 

anion was observed in the active site.  

 

 

Comparison of the structure of Mth0212 alone with the protein-DNA complex structures  

 

The r.m.s. deviations between the Cα atoms of Mth0212 in the free and the DNA complex 

structures amount to only about 0.6 Å for 250 aligned Cα atoms and thus lie in the same range 

as the deviations of the different apo and complex structures, respectively, among each other.  

Thus, as expected the conformation seems to be essentially unchanged upon DNA binding. 

Accordingly, a superposition of the structures of free Mth0212 with the complex structures 

(Fig. 5c, d) shows deviations mainly in the DNA binding loops, which has been similarly 

observed for human Ape1 35; 40; 41. This also applies to the superposition of the different 

Mth0212-DNA complexes which fit very well except for the loop Ser207-Arg211. When 

involved completely, the DNA binding interface covers an area of approximately 1300 Å2 

(3GA6). 
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Structural comparison of Mth0212 and its homologs  

Based on sequence analysis and biochemical studies, Mth0212 was assigned to the ExoIII 

family of nucleases 9; 18; 20. Several members of this family have been studied by means of X-

ray crystallography (Tab. 1). The three-dimensional Mth0212 structure exhibits a strong 

overall similarity to all of these homologs as shown by the superposition in Fig. 6. These 

observations are supplemented by results from pairwise structural alignment of Mth0212 and 

its homologs with DALILite 42 (Tab. S1). Up to 251 common Cα atoms were aligned with 

r.m.s. deviations of about 1.3 Å, and the Z-score amounted to a maximum of 39.4 (threshold = 

2.0) for Ape1. The similarity includes the five highly conserved sequence motifs of the AP 

endonuclease family 31 as well as additional active site residues.  

The arrangement of the residues implemented in the catalytic mechanism, but not involved in 

DNA binding in Ape1 (Glu96, Asp283, His309) 40 and ExoIII (Glu34, Asp229, His259) 32 

which both lack a uridine endonuclease activity fits well with that of the equivalent residues 

Glu38, Asp151, Asp222 and His248 of Mth0212. The two acidic residues and the histidine 

form a classical catalytic triade located at the bottom of the substrate binding pocket. Asp222 

is buried deep in the pocket, at the height of the intercalating Arg209.  Like the corresponding 

residues Glu96 of Ape1 and Glu34 of Exo III, Glu38 of Mth0212 participates in an extended 

hydrogen bonding network at the active site and is involved in the coordination of one Mg2+ 

ion. The similarity extends to residues involved in hydrogen bonding networks with these 

residues such as the conservation of a hydroxyl group containing side chain corresponding to 

Thr204 of Mth0212 31 which stabilizes the Lewis acid Asp222 for abstracting a proton from 

His248 during the catalytic mechanism. And the same applies to a further catalytically 

essential amino acid, Asp151 of Mth0212. 

 

As outlined above, the structures described here represent the nuclease in its eponymous 

exonucleolytic function. However, in the structure of the rationally designed, catalytically 

inactive mutant protein Mth0212(D151N) in complex with two DNA duplices (3GA6) all 

potential DNA contacting residues are involved in such contacts. Thus, most often this 

structure will be used for comparison with homologs in the following.  

 

While the overall structure resembles that of its homologs, there are significant differences in 

the DNA interaction surface, in particular in the three DNA binding specificity loops                  
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(Fig. 7a). Most suitable for the respective comparison are of course the structures of homologs 

in complex with DNA. 

The structurally similar DNaseI has been co-crystallized with DNA, but lack the three specific 

DNA binding loops which are shared by all ExoIII homologs known so far 40; 43; 44.  

Recently, the structure of the homolog Af_ExoIII from the archaeon Archaeoglobus fulgidus 

18 has been determined in complex with dsDNA showing for the first time an ExoIII homolog 

bound to the end(s) of a DNA duplex 36. Most of the amino acids important for substrate 

binding or catalysis are structurally conserved between Mth0212 and ExoAf as well. 

However, the Af_ExoIII-DNA complex structure only describes about half of the interaction 

surface between the enzyme and substrate DNA. Furthermore, it lacks a tightly bound target 

nucleotide, a phosphate ion or 5`-phosphorylated DNA as products as well as catalytically 

essential Mg2+ ions at the active site. In contrast, the various Mth0212-DNA complex 

structures described here provide detailed insight into the eponymous exonucleolytic activity 

based on the characteristic binding mode of the target 3`-OH end of dsDNA and Mth0212-

product complexes. Additionally, the exact localization of the metal cation(s) coordinated at 

the active site and required for all catalytic activities are comprised in several Mth0212 

structures. The exonucleolytic activity is very important to guarantee that the DNA repair can 

be completed by a DNA polymerase upon removal of the damaged base (AP site / dU).  

 

However, due to the larger number of structural and biochemical studies on Ape1, mainly this 

human homolog will be used for comparison with Mth0212. Several structures of Ape1 in 

complex with AP site containing DNA have been solved all showing the enzyme bound to the 

central DNA region 35; 41 (and 2ISI: Agarwal et al., to be published, deposited 2006).  

 

The secondary structure elements are well conserved between Ape1 and Mth0212. One 

exception concerns loop II which is complete ly α-helical in Ape1, whereas it lacks almost any 

secondary structure in Mth0212. As mentioned above, the major differences concern the three 

DNA binding loops. These loops comprise the residues Asn114-Arg121 (loop I), Arg163-

Gly172 (loop II) and Trp205-Trp219 (loop III) of Mth0212 and Gly176-Arg181, Asn222-

Lys227 and Trp267-Lys277 of Ape1, respectively. The deviations in the protein-DNA 

binding interactions most likely are the predominant reason for distinct substrate specificities.  

 

The loops vary significantly in their charge as already obvious on the amino acid sequence 

level 18. In relation to the DNA helical axis, loop I and II are located on the same level as the 
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active site. They exhibit completely distinct conformations in both nucleases. Loop I of Ape1 

takes a course into the 3`-direction of the AP site, in Mth0212 the turn is oriented into the 

opposite direction resulting in a difference between the backbone atoms of up to 5 Å. By the 

distinct course of loop I and thus additional contacts to the DNA backbone in Mth0212 

compared to Ape1, the binding to the DNA major groove is enhanced.  

 

Remarkably significant differences also concern the two DNA contacting residues which have 

been shown to insert from the minor and major groove, respectively, Met270 and Arg177 of 

Ape1 35 capping the active site when DNA is bound. They stabilize the extra-helical 

conformation of the abasic site and lock the enzyme onto the target DNA. However, none of 

them is essential for AP site flipping and activity. Thus, neither Met270 nor Arg177 represent 

a key element for recognition, although both directly contact the phosphate group that is 

located immediately 3` of the AP site.  

Based on three-dimensional comparison, in Mth0212, Met270 and Arg177 correspond to 

Arg209 and Met117 (Fig. 8). In the complex 3GA6, the side chain of Met117 interacts with 

the phosphate group adjacent to the scissile target phosphodiester bond and thus might be 

positioned suitably to recognize conformational changes of the DNA backbone which 

commonly occur in AP site and dU containing nucleic acids. On the other hand, the side 

chains of Met117 and Arg177 point into opposite directions which causes a distance of 12 Å 

between the two long flexible side chains and interactions with phosphate groups of the DNA 

backbone separated by two nucleotides (the AP lesion and an undamaged nucleotide). In 

contrast, the side chain of Lys116 is positioned more similarly to that of Arg177.  

Most likely, Met117 and Arg209 can take over the function of the equivalent residues of 

Ape1, since the appropriate prerequisite for Ape1, an extreme kink of the bound DNA which 

braces the backbone for double- loop insertion occurs in the Mth0212-DNA complexes as 

well. In Ape1, the kink is achieved predominantly by contacts of the three loops to the DNA 

backbone phosphate groups 3` to the AP site involving Asn222, Asn226 and Trp280 at the 

second adjacent 3`-phosphate and Lys276 at the next. While Asn226 and Trp280 are 

conserved in Mth0212 as Asn167 and Trp219, the further interactions differ since Asn222 and 

Lys276 are replaced by Arg163 and Arg215, respectively. The interaction with Arg215 

corresponds to that of the equivalent lysine, but in contrast to Asn222, Arg163 together with 

Arg215 forms contacts to the third phosphate group 3` of the abasic site resulting in a stronger 

overall and more equally distributed binding. Consequently, the kink of the DNA might be 

enhanced allowing a dU to flip out as well.  
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The minor groove is spanned and widened about 2 Å by Gly127 and Tyr128 of Ape1 which 

are both structurally conserved in Mth0212. The same applies to Arg15, Ala16 and Lys20 of 

Mth0212 corresponding to Arg73, Ala74 and Lys78 of Ape1 which make interactions with 

three consecutive DNA phosphate moieties of the undamaged DNA strand on the 5`-side of 

the AP site. 

In Ape1-DNA complex structures, the DNA exhibits an extremely distorted B-form 

conformation 35. Several unusual and partially variable stacking interactions were observed. 

In the two Ape1-DNA complex structures which represent the status before cleavage, 

classical base stacking interactions are still present on both sides of the AP site (1DEW) or at 

least on its 5`-side (1DE8), and the base opposing the AP site stacks with the base on its 5`-

side. In contrast, in the structure of Ape1 in complex with cleaved AP-DNA (1DE9), two 

nucleotides of the complementary strand occupy the space opposite of the damage site neither 

of them involved in conservative base stacking interactions. The interact ions between the 

nucleotides include base stacking between bases arising from complementary strands of the 

DNA as well as hydrogen bonds between nucleotides located on different levels of the kinked 

helix. Rarely any Watson-Crick base pair form the classical hydrogen bonding pattern, and 

even purine-purine and pyrimidine-pyrimidine mismatches are observed. Within this 

arrangement of tilted base pairs in the Ape1-DNA product complex, the side chain of Met270 

packs against the base opposite of the AP site to substitute for the lacking base.  

 

In molecule A of the Mth0212-DNA complex 3GA6, the equivalent Arg209 has a similar 

role. It packs against the base of the 3`-terminal nucleotide that is bound in the active site with 

its phosphate moiety serving as the target of exonucleolytic cleavage which is represented in 

this complex instead of the incision at an AP site in the Ape1-DNA complex structures.  

Additionally, Arg209 stacks with bases located on both, the 3`- and the 5`-side of the target 

nucleotide but once with the nucleotide immediately adjacent to the excised nucleotide and in 

the other case belonging to the complementary DNA strand of the AP site containing 

oligonucleotide. In most other Mth0212-DNA complexes, Arg209 is singularly involved in 

stacking interactions with the terminal base pair and positioned on the helical axis between 

the pairing bases. Although the arginine loop insertion first was supposed to be a unique 

feature of Ape1 35, the observations of this remarkable feature in the Mth0212-DNA complex 

structures in total suggest that Arg209 of Mth0212 takes over a similar function. The same 

might apply to Arg204 of the recently structurally characterized Af_ExoIII, which forms 

stacking interactions with the terminal base pair of DNA duplex as well 36 but has not been 
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analyzed in detail so far. The arginine is conserved in prokaryotes and plants, while a 

methionine is located at the equivalent position in almost all eukaryotes. The adjacent 

threonine 210 is strictly conserved in all three domains of life.  

 

The hydrophobic pocket close to the catalytic residues is completely conserved between Ape1 

and Mth0212 except for the substitution of Ape1 Phe266 by Trp205. Since the tight packing 

of the hydrophobic Ape1 pocket was already predicted to prevent the binding of undamaged 

nucleotides, the extended dU specificity of Mth0212 despite of the larger tryptophane side 

chain and thus an even tighter hydrophobic pocket is all the more fascinating. Furthermore, an 

explanation that the expanded substrate spectrum is solely based on the single varied amino 

acid is in conflict with the conservation of Trp205 in ExoIII from E. coli. And mutational 

studies with Ape1 rule out the possibility that substrate specificity is gained by the insertion 

of a hydrophobic side chain into the abasic hole since mutation of Phe266 resulted only in a 

six-fold reduced binding affinity but removal of AP sites with almost the same efficiency as 

wild-type protein 45. However, generalizations concerning the assignment of functional roles 

to residues in the hydrophobic have to be done with care, because controversial results were 

obtained for ExoIII using the mutant Trp212Ser in which both binding to AP sites and activity 

are abolished completely 33 most likely due to the destruction of the structural integrity of the 

adjacent DNA recognition loop or the narrow hydrophobic binding pocket.  

 

The narrow pocket of Ape1 was shown to allow only binding of AP sites in α-configuration 

which are specifically produced by DNA glycosylases. Whether Mth0212 exhibits the same 

configuration specificity or recognizes the β-anomer which is formed by racemisation in 

solution as well has not been investigated so far. However, the pocket bordering residues 

Phe266, Trp280 and Leu282 which pack against the hydrophobic side of the abasic 

deoxyribose moiety in Ape1-DNA complexes are conserved in Mth0212. Therefore, most 

likely the equivalent residues of Mth0212, namely Trp205, Trp219 and Leu221, are involved 

in similar interactions helping in the recognition of AP sites.  

 

Tyr171 of Ape1 has been identified as a key element for the efficient discrimination between 

undamaged and AP-site containing DNA 46. The side chain of the corresponding amino acid 

of Mth0212, Tyr111, directly contacts the scissile phosphate moiety of the DNA backbone 

(molecule A in 3GA6) and therefore most likely has a similar function. Additionally, it forms 

a direct hydrogen bond to the carboxyl group of Glu38 such as e.g. in the apo structure 3G91 
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or a water-mediated hydrogen bond to the DNA backbone phosphate of the nucleotide 

adjacent on the 5` to the excised residue (molecule A in 3GA6). The mediating water 

molecule is also bound by the backbone carbonyl of Asn114 and the side chain of Arg96. 

This asparagine in turn forms contacts to the backbone amine of Lys116 as well as with the 

free 3`- hydroxyl group of the removed nucleotide.  

 

In contrast to mutation of Tyr111, substitution of Asp210 with alanine, asparagine or 

glutamate does not influence the recognition of AP sites 47 but stabilizes substrate binding. 

The structurally equivalent amino acid Asp151 forms a hydrogen bond to the phosphate group 

coordinated in the active site as well (confer 3G3C and 3G4T with bound phosphate anions) 

(Fig. 7) and in concert with its strict conservation in all ExoIII homologs can be assumed to 

have similar effects. Together with Asn10, Glu38, Tyr111, Asn114, Asn153, His248 and 

several water molecules, in the apo structure 3G91, Asn151 is coordinated by a phosphate 

anion which is bound in the active site. Most likely because of these interactions with a 

phosphate group (natively and in some Mth0212-DNA complexes belonging to the DNA 

backbone) even the conservative mutation of Asp151 to asparagine results in further reduction 

of the anyhow low in vitro activity of Mth0212 on dU residues 9.  

 

Tyr128 of Ape1 has been shown to play a critical role in binding of the nucleotide on the            

5`-side of an abasic lesion 48. The equivalent residue Tyr68 of Mth0212 forms a hydrogen 

bond to the phosphate group adjacent to the scissile phosphodiester bond in the 5`-direction as 

well. The similarity extends to the positions of Arg156 and a bound water molecule 

participating in the same hydrogen bonding network. Therefore, Tyr68 of Mth0212 might 

fulfil the same function as Tyr128 of Ape1. Additionally, it was suggested to be a key element 

of the strong product binding required for processive scanning of DNA for abasic sites by 

Mth0212 since in the homolog Af_Exo which acts distributively the aromatic residue is 

replaced by Arg63 that is not involved in DNA binding at all. The suggested strong product 

binding by Mth0212 would be in good agreement with the observation that most of the 

Mth0212-DNA complex structures described here indeed contain products tightly coordinated 

in extended hydrogen bonding networks. The critical role and strong DNA binding of Tyr68 

might cause stress in the protein backbone and thus explain the observation that the 

neighboured residue Ser69 only rarely is located in the expected Ramachandran regions. 

Ser69 is conserved in Ape1 as well (Ser129).  
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Magnesium ions have been shown to be catalytically important for all ExoIII homologs 

characterized so far including Mth0212 9. In order to verify the divalent metal ion 

coordination sites, Mth0212 was crystallized in presence of Mg2+ ions and crystals were 

soaked with solutions containing Mn2+, respectively. Commonly, a single magnesium ion is 

bound in each active site. The presence of a second divalent metal ion at the active site 

became only visible in the structure 3G0A yielded from WT crystal soaked with manganese 

chloride (Fig. 2).  

The difference between manganese and magnesium concerning the number of metal ions 

bound in the active site is in agreement with results from isothermal titration calorimetry 

(ITC) experiments, which show that Exo III from E. coli binds two Mn2+ ions but only one 

Mg2+ 49. In analogy to ExoIII from E. coli 32, the magnesium ion most likely assists to orient 

the phosphate group in the active site and to polarize the scissile P-O3` bond as well as to 

stabilize the transition state. 

The Mn2+ ions are coordinated by residues equivalent to the metal cation binding sites of 

human Ape1. However, based on a significantly weaker anomalous signal of the manganese 

ion at this second site than at the commonly used metal binding site A, it seems to be by far 

occupied to a smaller extent probably reflecting a lower binding affinity of site B. An 

alternative explanation for the different occupancies of the two metal ion binding sites would 

be that a magnesium ion deriving from expression is bound at site B so tightly that it could 

not be replaced completely by a manganese ion during the soaking procedure. But the 

observation of at maximum one magnesium ion in all other structures, namely singularly at 

site A, argues against this hypothesis.  

Commonly, the magnesium ion is bound by the side chains of Glu38 and Asn12. The 

remaining coordination sites are occupied either by water molecules or by atoms of bound 

DNA. Since a divalent metal ion was not bound at site B in any of the other structures 

described here - neither in the absence of DNA or a phosphate anion in the active site nor in 

particular together with them - the partially occupied second metal ion at binding site B in 

3G0A which involves Asp151 most likely does not have any physiological impact for metal 

ion coordination. 

 

The binding of a metal ion at site A seems to be independent of the presence of a phosphate 

group or DNA strand since it was also identified in the structures 3FZI, 3G1K, (3G0A) and 

3G3Y, which do not harbour any other ligand in the active site.  

132



Part II   -   10. 3`-5  ̀Exo Competes with 2`-Deoxyuridine Endonuclease Function in Mth0212  

  

   
 

Vice versa, a phosphate group can also bind in the active site in the absence of a divalent 

metal ion such as the DNA backbone phosphate moieties in the complex structures 3G38, 

3G0R and 3GA6 or the phosphate anion in 3G00. However, concerning 3G38, it is a                     

3`-terminal phosphate moiety of the DNA and with regard to 3G00, the phosphate anion is 

located at a position differing from the coordination site in all other structures by about 3.3 Å. 

It is bound in a bi-dentate manner by the side chains of Glu38 and Asp247 as well as the         

Nε atom of His248. In addition to two tightly bound water molecules it binds the terminal     

3`- hydroxyl group of one DNA strand (Fig. 5a).  

In all other Mth0212 apo or –DNA complex structures harbouring a phosphate group in the 

active site - either an anion (apo: 3G91, complex: 3G2C, 3G3C, 3C4T) or a phosphate moiety 

of the DNA backbone (3G38, 3G0R, 3GA6) – it is located at the coordination site B (or in a 

sphere of about 2 Å around it) (Fig. 5a).  

Since 3G38 and molecule B of 3GA6 each contain a 3`-terminal phosphate group at site A the 

last but one phosphate moiety of the DNA backbone which actually represents the scissile 

bond of the substrate concerning the exonucleolytic activity is bound only in the active site of 

molecule A of the complex structure 3GA6 and in both molecules of 3G0R. These complexes 

therefore seem to unambiguously represent Mth0212-substrate complexes. Additionally, the 

structure 3G00 seems to represent an Mth0212-substrate complex since the co-crystallized 

DNA still includes all nucleotides. However, the DNA appears not to be bound properly for 

cleavage due to the coordination of a phosphate anion from the buffer solution by the 

catalytically essential residue Glu38.  

 

All structures of Mth0212(D151N) in complex with a substrate DNA lack a magnesium ion in 

the active site. This observation and the catalytic need of magnesium ions for ExoIII 

homologs in concert with studies showing that the D151N mutation still enables binding to 

DNA, but causes a loss of all nucleolytic activities, led to the assumption that the presence of 

both a magnesium ion at coordination site A and Asp151 at site B are prerequisites for the 

productive binding of the phosphate moiety of the scissile bond in the DNA backbone at site 

B. Most likely they act in a cooperative manner to orient the scissile bond properly for 

cleavage. 

 

The metal coordination at the active site of Mth0212 also resembles that in the N-terminal 

fragment of T4 DNA polymerase, which has been co-crystallized with a three nucleotides 

long ssDNA 50. In both enzymes one ligand for the divalent metal ion at coordination site A is 
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provided by a non-bridging oxygen of the scissile phosphate of the DNA backbone, while the 

other ligands derive from protein carboxylate groups. However, the number of the involved 

side chains differs. In Mth0212, only two amino acids provide hydrogen bond donors, namely 

Glu38 and Asp247 with one and two carboxyl groups, respectively, whereas T4 DNA 

polymerase binds the metal ion via three acidic residues (Asp112, Glu114, Asp324).  

 

The complex 3G38 and the protein molecule B of the structure 3GA6 cannot be 

unambiguously classified as product or substrate complexes as follows. A phosphorylated            

3`-terminus of DNA does not serve as a substrate o f the 3`-5` exonuclease activity of 

Mth0212 and is neither the result of the exonucleolytic function nor of the AP and dU 

endonucleolytic activities. They might point out to a further activity of Mth0212, namely the 

removal of phosphate moieties at 3`-ends during DNA repair pathways, which has not been 

identified so far. This hypothesis would be also in accordance with the observation of a 

phosphate anion at the active site of several Mth0212 apo (3G91) and Mth0212-DNA 

complex structures (3G2C, 3G3C, 3G4T, 3G00). The first exonuclease III homolog 

discovered to accomplish such a 3`-phosphatase activity is ExoIII from E. coli 51. 

 

 

Comparison of the Mth0212-DNA complexes with other exonucleases in complex with DNA 

 

Structural differences between certain types of exonucleases display their variance in 

substrate specificity, processivity and the reaction mechanism. Since the DNA is bound by 

Mth0212 in an exonucleolytic manner in all complex structures the DNA binding mode was 

also compared with that of other 3`-5` exonucleases. The molecular mechanism of the 

removal of nucleoside monophosphates (dNMPs) from the DNA-3`-end was predominantly 

revealed by structural and mutagenic studies on the exonuclease domains of the Klenow 

fragment of DNA polymerase I, bacteriophage T4 DNA polymerse 52 as well as on φ29 

polymerase 53 (reviewed in 54). The Klenow fragment of DNA polymerase I from E. coli 

binds duplex DNA in a groove adjacent to the 3` to 5` exonuclease domain but in the 3` to 5` 

exonuclease active site interacts with single-stranded DNA, namely a 3`-extension of three 

nucleotides 55. 
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Comparison of the active site environment of Mth0212 with the amino acid arrangement in 

uracil DNA glycosylases 

 

The general statement that any uracil base in DNA is removed by UDG 3 has to be partly 

corrected. At least in M. thermoautotrophicus 9; 20 and some larval stages of Drosophila 

melanogaster 10, alternative strategies have evolved.  

In the terminal RNA uridylyltransferase (TUTase) TbTUT4 from Trypanosoma brucei, a key 

residue for the specific recognition of a (terminal) uridylyl residue is Arg121 which due to its 

hydrogen bonding interaction with the O4 atom of the pyrimidine ring can discriminate 

against cytosine 56. In Mth0212, a similar role could be taken over by the side chain amino 

group of Lys125 since it forms a hydrogen bond with a glycerol molecule in the active site of 

molecule B of the complex structure 3GA6, which is bound at a similar position in the 

hydrophobic pocket near the active site as the abasic site in Ape-DNA complex structures 35 

(Fig. 9). The glycerol molecule is located a little bit deeper in the AP site binding pocket than 

the deoxyribose moiety and thus could superpose very well with a uracil base linked to the 

sugar. Indeed, in a superposition of the respective active site residues Asp247/His248 of 

Mth0212 and Asp308/His309 of Ape1, the distance between the hydroxyl group hydrogen-

bonded to Lys125 and the C1` atom of the deoxyribose ring amounts to 4.4 Å which is only 

slightly below the distance of 5.5 Å between the anomeric carbon and the carbonyl group at 

position 4 of the pyrimidine ring which is characteristic of uracil. Therefore, it can be 

assumed that a similar hydrogen bond network might also serve for the specific recognition of 

a dU residue when bound instead of the AP site. The involvement of hydrogen bonds in the 

specific recognition mechanism is further supported by the fact that also pseudouridine 

containing DNA is incised, most likely since this unusual nucleotide exhibits the same pattern 

of hydrogen bond donors and acceptors at the Watson-Crick base pairing edge 9. However, in 

addition to the interaction with Lys125, the hydroxyl group of the glycerol molecule in 3GA6 

also contacts the O atom of Ser171 and the carbonyl group of Asn153. While the first can 

interact with both an amino and a carbonyl group at cytidine and uracil bases, respectively, 

the latter cannot interact with uracil, but with cytidine and thus would compensate for the 

hydrogen bond lacking between Lys125 and cytidine.  

Asn153 is conserved and fits very well in the superposition of ExoIII homologs. It might play 

a role in the correct positioning of the scissile bond with the help of the coordinated metal ion 

(Fig. 9) as well as in the discrimination of dU against cytidine and thymine bases as discussed 

above with regard to the glycerol molecule bound in the active site of the complex 3GA6 
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(molecule B). By means of the extensive hydrogen bonding network, Asn153 together with 

Asn10 additionally might help in adjusting the pKa of Asp151 which most likely serves as the 

putative Lewis acid protonating the O3` leaving group as has been suggested for ExoIII from 

E. coli 57. 

 

A position of the uracil base resembling the glycerol conformation could enable stacking 

interactions with either Trp205 or Trp219, which are arranged perpendicular to each other. 

The equivalent residues of Ape1, Phe266 and Trp280 have been analysed in detail concerning 

their stacking properties with abasic sites. Due to an orientation perpendicular to the side 

chain of Lys125, Trp219 seems to be more feasible for dU stacking, whereas the larger side 

chain of Trp205 compared with Phe266 of Ape1 might help to better shield the hydrophobic 

pocket from solvent as observed for a water molecule which might enter after dissociating 

from the DNA backbone phosphate 3` of the target nucleotide (3GA6). 

 

On the sequence and structural level, Mth0212 is completely unrelated to both structurally 

defined superfamilies of UDGs known so far. While in human UDG large structural 

rearrangements occur upon binding to uracil in DNA 58, the structure of Mth0212 remains 

mainly unchanged upon DNA binding. This contrast leads to the assumption, that some 

smaller conformational changes might also occur in Mth0212 when actually uridine is bound 

instead of a 3`-OH or 5`-phosphate end of the DNA. 

Both enzymes might use similar mechanisms for DNA backbone distortion as follows. The 

specific recognition of a dU within DNA by UDGs begins with a compression of the 

phosphodiester backbone due to pinching interactions of three conserved serine residues 

which form hydrogen bonds with three adjacent phosphodiester groups of one DNA strand. 

The resulting stress on the torsion angles of the DNA helix subsequently is relieved by 

flipping out the dU from the base stack into the active center 59. A similar mechanism of DNA 

backbone compression might apply to Mth0212 implying the large number of arginine 

residues (instead of serine residues) for concerted contacts to the phosphate moieties of the 

DNA backbone (Fig. 4d). A resulting deformation of the helical torsion angles is in 

accordance with significant deviations from ideal DNA conformation in almost all Mth0212-

DNA complex structures although crystal packing effects cannot be ruled out completely.  
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Discussion 

 

The presence of 2`-deoxyuridine is pre-mutagenic. In the archaeon M. thermoautotrophicus, 

its repair is initiated by the enzyme Mth0212 compensating for the absence of an otherwise 

almost ubiquitous uracil DNA glycosylase (UDG). Mth0212 belongs to the ExoIII family of 

nucleases and - acting as a 3`-5` exonuclease and an AP and dU endonuclease - exhibits a 

unique combination of DNA repair activities. The structure of Mth0212 has been solved both 

alone and in complex with different substrate DNAs at a resolution ranging from 1.2 Å to   

3.1 Å.  

 

The in vitro nucleolytic activity against dU is very sensitive and requires buffer optimization 

to become obvious (compare 18 and 9). However, even under co-crystallization conditions 

optimized in terms of buffer system, pH and salt concentration it was not possible to obtain 

the structure of an endo-complex, in which Mth0212 binds a target dU at the active site. Thus, 

another approach to circumvent the gradual affinity of Mth0212 in favour of 3`-OH ends in 

order to catch the Mth0212-dU endo-complex was followed. Both 3`-ends of a dsDNA 

substrate were blocked by a fluorescent dye. Surprisingly, the yielded complex structures 

represent the exonucleolytic function as well. This failure can only be explained by a strong 

exonucleolytic affinity and activity of Mth0212, which even allows the incision of the DNA 

backbone adjacent to bulky groups such as the dye. These observations remind at the results 

of activity assays of human Ape1 on 3,N4-Benzetheno-dC 60. Thus, expanding the analogy, 

Mth0212 probably also recognizes local structural changes of the DNA B-form induced by 

either the terminal nucleotide, an AP site or a 2`-deoxyuridine rather than the end of the DNA 

or the damaged base itself. Mth0212 seems to probe for the overall DNA conformation 

around the target nucleotide / AP site. It is supported by further studies of the human homolog 

which have shown that the AP endonuclease activity is enhanced by a 3`-mismatch 61.  

A similar dependence of the activity of Mth0212 would be in good agreement with 

biochemical and structural data. The efficiency of dU removal is increased with the ratio of 

A-T to G-C base pairs of the sequence context probably due to the larger local flexibility of 

AT-rich contexts. The subsequent exonucleolytic activity on the incised DNA strand depends 

on the sequence as well with an increased rate for pyrimidine bases opposite of dU 

(unpublished data, laboratory of Prof. Fritz).  

This effect might be explained in part as follows. Although DNA helices containing an AP 

site assume more or less canonical B-form as evidenced by 2-D NMR experiments 62; 63; 64; 65, 
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in the same and in additional studies 66 sequence-specific conformational effects were 

revealed as well. While purine bases opposite an AP site still stack with the adjacent bases, 

pyrimidines at this position are located intra- as well as extra-helical depending among others 

on the sequence context. Also the increased overall flexibility 67 and deviations from ideal B-

form geometry which extend up to four nucleotides away from the abasic site 68 depend on the 

nature of the bases around the AP site 69 (reviewed in 34).  

 

The striking number of highly positively charged arginine residues particularly in loop III of 

Mth0212 probably reflects the requirement of a strong DNA binding affinity in vivo due to 

the high intracellular salt concentrations of M. thermoautotrophicus such as 500 mM K+. On 

the other hand, the enzyme must not bind too tightly to the DNA in order to guarantee a 

processive search mechanism for damaged bases. Therefore, the presence of regulatory 

factors in vivo seems reasonable, and such elements might also enhance the dU endonuclease 

activity which in vitro is already abolished at salt concentrations of 200 mM KCl.  

Additionally, nucleotide modifications might regularize the different nuclease activities of 

Mth0212 in vivo in analogy to an enhanced binding affinity of Ape1 in the presence of a 

methylated adenine two base pairs 3` of an AP site 30, which is probably due to an enhanced 

water-mediated hydrogen bonding to Asn229. This asparagine is replaced by a valine in 

Mth0212 excluding an equivalent interaction, but similar contacts might e.g. be formed 

between the base three nucleotides away from the abasic lesion in the 3`-direction and Glu166 

or between the second nucleotide 5` of the AP site and Lys40.  

 

The 2:1 stoichiometry between Mth0212 and DNA in all complex structures except for 3GA6 

has been also observed by Kuettner and coworkers 70 and can probably be explained by an 

exonucleolytic activity of two protein molecules at both ends of a dsDNA helix which is 

stopped by steric clashes between the two bound protein molecules at a specific length of the 

DNA strands. Most likely, the binding of an Mth0212 molecule to substrate DNA is enhanced 

when another protein molecule is already bound to the same substrate molecule due to the 

increased distortion of the DNA backbone geometry upon binding.  

 

The structures obtained with wild-type protein as well as the Mth0212(D151N) complex 

structure 3G2D most likely represent product complexes since a free 3`-OH group is bound in 

their active sites. 
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In presence of Mg2+, Asp308 of Ape1 helps to fix the enzyme onto the DNA after cleavage 71. 

This role most likely is taken over by the structurally equivalent residue Asp247 of Mth0212, 

which forms a direct and a water-mediated hydrogen bond to the side chain of the 

catalytically important residue Trp205 and to the terminal 3`-hydroxyl group in molecule B of 

the complex structure 3GA6, respectively, that therefore might represent the enzyme-DNA 

product complex after incision. The tight product binding corresponds to an inhibition of the 

enzymatic activity by its product as reported for Ape1 71 and probably helps to streamline the 

DNA repair pathway by coordinating the various enzymes involved. Asp70 supports DNA 

complex stability and / or the conformational changes of the DNA backbone as well 29. In 

Mth0212, it is replaced by Asn12 which is involved in metal ion coordination and thus indeed 

most likely leads to an improved DNA binding. Additionally, Asn12 is located in hydrogen 

bonding distance to the Nε atom Lys40 and to several water molecules which participate in an 

extended hydrogen bonding network including Glu38 and the phosphate group bound at the 

active site (e.g. in 3G91).  

 

The efficiency of the insertion of a so-called “arginine finger” into the DNA base stack 

(Arg209 of Mth0212) resulting in an enhanced DNA binding affinity has additionally been 

reported from other DNA repair enzymes such as for the mutated Leu276Arg of human      

UDG 72; 73. Here, the penetration stabilizes the DNA conformation by occupying the space of 

the flipped-out ψ residue after insertion of the adjacent loop into the DNA from the minor 

groove. Further stabilization of the flipped-out residue in its extra-helical conformation is 

achieved by charged interactions with the neighboured phosphates and between a carbonyl 

group of the protein backbone and the opposing guanine base as well as by a hydrogen bond 

between the Nε atom of Arg272 and a base 5` of the flipped-out dU.  

In analogy, a movement of the Arg209 containing loop of Mth0212 could be specific for 

productive dU binding. Subsequent recognition of the uracil base by human UDG is mainly 

achieved by hydrogen bonds with the side chains of Asn204, His268 and backbone atoms as 

well as by a stacking interaction with Phe158 72. A critical interaction responsible for the 

exclusion of thymine is the packing of Tyr147 against the C5 atom of the pyrimidine ring.  

Nucleotide flipping is a common mechanism which is used not only by damage-specific DNA 

repair enzymes but also by sequence-specific DNA methyltransferases.  

 

According to the structure of human Ape1 in complex with DNA, AP sites are recognized due 

to the extra-helical conformation of their deoxyribose moiety 35; 40 involving a contact 
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between Arg177 and the phosphate on the 3`-side of the AP site. Met117 of Mth0212 is 

located in a similar position and its side chain might be suitable for an insertion into the DNA 

base stack substituting the function of Arg177 to help in the recognition of an AP site or 

additionally the damaged base 2`-deoxyuridine. The whole DNA binding loop I takes 

significantly distinct courses probably explaining the differences in the biochemical 

properties. While it goes into the direction of the 3`-end of the AP containing DNA strand in 

Ape1, the corresponding loop of Mth0212 rather remains on the same level in relation to the 

DNA helical turns and is positioned further away from the DNA. The conformation of the 

Met117 side chain of Mth0212 is very flexible reflected in B factors above average and 

alternative conformations in some structures. In the Mth0212-DNA complex structure 3G00 

obtained at low salt concentration, Met117 is located in close proximity to the 3`-terminal 

nucleotide. Most likely the recognition mechanisms of the 3`-end and a target dU are 

mediated by the same residues both involving specific interactions with characteristic features 

of the DNA backbone which significantly deviates from standard conformation. A crucial 

recognition element for both exo- and endonucleolytic incision probably is a destabilized 

region which has been shown to exhibit significant similarity at an AP site and at the terminal 

base pair in dsDNA 34. Most likely, the same applies to mismatches containing                          

2`-deoxyuridine and all scissile target bonds are recognized by akin mechanisms. In particular 

the side chain of Met117 seems to play a key role in the dU recognition. A conservative 

mutational substitution by an arginine does not significantly affect either the dU endonuclease 

or another nucleolytic activity. In contrast, the absence of a space-filling side chain at the 

equivalent position in Ape1 (Gly178) resulting in a distance of about 6 Å more between 

Mth0212 and bound DNA probably prevents the removal of dU by this homolog. The side 

chain of Met117 lies in a straight line with Trp205 which is located directly adjacent to the 

third DNA binding loop and suitable for stacking interactions. The larger side chain compared 

to Phe266 of Ape1 can form stronger interactions with putative substrates and thus might 

additionally support the ability of Mth0212 to excise dU. However, this tryptophane residue is 

conserved in other homologs, e.g. from archaea and E. coli, contradicting a dU recognition 

mechanism solely based on Trp205. 

Mutational studies concerning the residues Trp205 and Arg209 as well as some neighboured 

amino acids are currently carried out. 

 

For Ape1, Gorman and co-workers suggested that the flipped-out base opposite the AP site is 

not required for recognition of the abasic site 35; 40. Similarly, the activity of ExoIII from         
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E. coli on AP sites is scarcely influenced by the opposite base 74. Although the dU 

endonuclease activity of Mth0212 has been proven for DNA containing each of the four 

standard DNA nucleotides opposite of dU, the efficiency of dU removal seemed to be 

influenced by the nature of the pairing base (unpublished results, laboratory of Prof. Fritz). 

When the crystallization experiments were performed, it had not been examined whether the 

dependence of the dU endonuclease activity of Mth0212 on the type of the base opposite of 

dU is caused by distinct binding affinities. Therefore, several different bases opposite of dU 

were tested after starting with a guanine which represents the in vivo situation after cytosine 

deamination, the most common cause of dU emergence. However, also these variations did 

not allow catching the dU endo-complex. Obviously, the exo-complex was favoured due to 

improved crystal contact formation or a greater thermodynamic stability. The latter appears to 

be the main reason, since the results of electrophoretic mobility shift assays (EMSAs) with 

Mth0212 and DNA suggest a graduate binding affinity of metal containing Mth0212 

increasing from U/G pairs beyond AP sites to DNA ends. At the first glance, these 

observations seem to be in conflict with an efficient dU repair, but in vivo the number of DNA 

ends is so small that the strong binding affinity of Mth0212 to them does not matter at all.  

 

The phosphate groups of all Mth0212 apo and –DNA complex structures, except for 3G00, 

and the divalent metal ion at the commonly used coordination site A have positions equivalent 

to the scissile phosphodiester bond and the manganese ion bound by Ape1 in the DNA 

complex structure 1DE9  35. Therefore, we suggest Mth0212 to act via a reaction mechanism 

proposed for Ape1 by Mol and co-workers involving only a single metal ion rather than to 

implement a two-metal- ion mechanism as discussed for Ape1 based on mutational studies 

equivalent to D151N (D210N) 47 involving kinetics experiments and the use of anomalous 

scatterers 41. The comparison suggests that the scissile bond is bound similarly for the 

different nucleolytic activites, namely the AP endonuclease function represented in the Ape1-

DNA complex structures and the 3`-5` exonuclease activity visualized in the Mth0212-DNA 

complex structures. Most likely, this resemblance applies to the complex required for an 

endonucleolytic cleavage at dU residues as well.  

 

Concerning the removal of an abasic lesion by the ExoIII family of AP endonucleases, 

diverse hypotheses about the mechanism of the first step during recognition of the AP site 

have been advanced 32; 40; 51; 74; 35; 36; 60. Also the structure of a member of the second 

conserved 5` AP endonuclease family which is structurally unrelated to ExoIII and acts via a 

141



Part II   -   10. 3`-5  ̀Exo Competes with 2`-Deoxyuridine Endonuclease Function in Mth0212  

  

   
 

distinct chemical mechanism, namely that of endonuclease IV from E. coli was solved in 

complex with AP site containing DNA 75. At least for the representatives Ape1 and EndoIV, 

respectively, it was shown that enzymes of both families orient the AP-DNA via positively 

charged complementary surfaces and insert loops into the helical base stack. Although the 

DNA conformation in each protein-DNA complex differs significantly, in both cases the 

resulting DNA bent and kink causes the AP site to flip out into an extra-helical conformation 

within the active site pocket. So far, this pocket was thought to exclude nucleotides. While 

this hypothesis has remained for the four common bases, it has recently been corrected for the 

damaged nucleotide 2`-deoxyuridine 9; 20. 

 

 

Proposed mechanism of 2`-deoxyuridine recognition 

A plausible model for the recognition of dU residues by Mth012 is described in the following 

paragraph. Double-stranded DNA is scanned for an AP site and dU. Regular Watson-Crick 

base pairs are stable enough to stay intact during the slight nicking of the DNA helix by 

Mth0212 which can be supposed to resemble the pseudo-continuous DNA helices in the 

complex structure 3GA6. In contrast, base pairs composed of a native nucleotide and an AP 

site or dU are less stable, so that the side chain of Arg209 can easily insert into the DNA 

helical base stack as observed between the two DNA duplices bound in an exonucleolytic 

manner which come into close contact on the level of Arg209. Thereby, the arginine side 

chain might either push away both bases or just the target nucleotide, whereas the opposite 

base remains in the base stack such as at molecule A of 3GA6 with the guanidinium group 

packed against it to compensate for the lacking base. Like an AP site, the dU flips into the 

hydrophobic binding pocket. In the extra-helical conformation, it is tightly bound by 

hydrogen bonds to Lys125, Asn153 and Ser171. The equivalent residue of Lys125 in Ape1, 

Arg185, could fulfil the same function and Asn153 is even conserved. In contrast, the side 

chain of Ala230 corresponding to Ser171 cannot participate in hydrogen bonds and thus 

prevents the productive binding of a (pyrimidine) nucleotide in the hydrophobic pocket. 

Discrimination of dU against cytidine is performed by Lys125, whereas thymidine is 

excluded due to steric clashes with the side chains of Asn153 or Asn114.  

 

 
1B 
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Materials and Methods 

 
2BProtein production 

 
In general, the same purification protocol was used for Mth0212(WT), Mth0212(D151N) and 

Mth0212(K116A). Cloning and protein production of Mth0212 as a full- length, C-terminal 

LE-His6 tagged variant (pET-21d derivative) with the designed mutation T2A in Escherichia 

coli BL21_UX cells lacking the ung gene have been described in 9. For production of protein 

used for the determination of the structures 3FZI, 3G0A and 3G91 the same protocol was 

applied. A final gel filtration step was added to this protocol in order to reduce the salt 

concentration (180 mM KCl, 10 mM KH2PO4/K2HPO4 pH 7.0) for the structure of the 

catalytically active mutant Mth0212(K116A) (PDB-ID 3G91). The expression and 

purification procedures for the protein batches used for the determination of the other 

structures described here were modified in order to increase the protein yield and to vary the 

salt concentration in the protein solutions used for co-crystallization with DNA, respectively. 

The protein used for determination of the structures 3G1K, 3G8V, 3G2C, 3G3 Y, 3G2D, 

3G3C, 3G4T, 3G38, 3G0R, 3G00 and 3GA6, respectively, was overexpressed in E. coli 

BL21-CodonPlus(DE3)-RIL cells. Regarding 3G8V and 3GA6, the same medium as 

described in 9 was used (2YT), while for the other structures the protein was produced using 

an auto- induction protocol 76. When the auto- induction medium was used, the protein was 

expressed at 18°C. Subsequently, the protein was purified as described in 9 with only slight 

modifications. A heat denaturation step (10 min. 65°C) was followed by a Ni+-NTA and a 

Heparin affinity chromatography (GE Healthcare, Germany). Except for the protein batches 

used for the determination of the structures 3FZI and 3G0A, gel filtration (Superdex 75 26/60, 

GE Healthcare, Germany) with different buffer systems was added as a final purification step.  

For clarity, the buffer, in which the protein was dissolved after the last pur ification step, is 

listed in table 3. After each purification step, the fractions containing Mth0212 were pooled 

and concentrated using Vivaspin centrifugal concentrators (Sartorius Stedim Biotech GmbH, 

Goettingen, Germany). All purification steps were performed at room temperature.  

 

 

3BComplex formation 

 
For preparation of double-stranded substrate DNAs, oligonucleotides with the sequences 

given in table 2 were purchased from Purimex (Grebenstein, Germany) as 2xHPLC purified 

and lyophilised aliquots synthesized in 1000 nmol scale. The DNA was dissolved in 5 mM 
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Tris-HCl pH 7.5 in a concentration of 10 mM as determined by extinction measurements at a 

wavelength of 260 nm. The purity of the DNA was checked by additional extinction 

measurements at 280 nm and calculation of the OD260 / OD280 ratio. Equal volumes of the 

solutions of both DNA oligonucleotides for formation of the respective DNA double-strand 

were mixed and annealed by application of a slow cooling protocol, in which a heat 

denaturation step of 10 minutes incubation at 95°C was followed by slow cooling to room 

temperature yielding a 5 mM dsDNA stock solution. DNA and purified Mth0212 were mixed 

in a molar ratio varying between 1.1:1.0 and 1.4:1.0 and the complexes were formed during 

incubation at 20°C for 15 minutes in a solution with varying composition (for details confer 

Tab. 3). In contrast to the gel filtration buffer used in the last step of protein purification, for 

most structures the buffer for complex formation additionally contained 2 mM MgCl2.  

Subsequently, the solution was centrifuged at 20 000 g, 4°C for 10 minutes to remove 

possibly precipitated macromolecules.  

 

 

4BCrystallization  

 
All crystals were obtained at 293 K using the sitting drop vapour diffusion method. In 

general, droplets were prepared by mixing 0.7-1.0 µl concentrated protein or complex 

solution with the same volume of reservoir solution and equilibrated against 300-500 µl of 

reservoir solution which commonly contained polyethylene glycol or MPD as precipitating 

agents. Most crystals grew within several days. Single crystals with a size of e.g. about              

50 x 50 x 200 µm3 for the hexagonal crystal of Mth0212(WT) were used for data collection. 

For the structure 3G0A, Mth0212 (WT) crystals were soaked with a Mn2 + ions containing 

solution for five minutes. 

 

 

5BData collection 
 
Data were collected at the beamlines X13 of EMBL at the “Deutsche Elektronensynchroton” 

(DESY), Hamburg, Germany as well as at the beamlines BL14.1 and BL14.2 of the “Berliner 

Elektronen Synchroton” (BESSY), Berlin, Germany, and on a rotating anode (3G0A), which 

were equipped with different CCD detector systems and a MAR35 image plate, respectively, 

as specified in each PDB entry. Commonly images were taken in rotation steps of 0.5-1° at 
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100 K. Thus, prior to data collection - if required - each single crystal was transferred into a 

cryo cooling solution, which most often consisted of a 2:1 - 3:1 (v/v) mixture of the 

crystallization reservoir with glycerol. The composition of the cryo protecting solution used 

for each crystal yielding a structure is listed in table 3. Most crystals were flash-cooled in 

liquid nitrogen before mounting them into the cryo stream, while some crystals were mounted 

directly from the cryo protecting solution. For the structure 3G3C, the crystal was annealed in 

cryo protecting solution for 20 s before mounting it back into the cryo stream. 

 

 

Data processing 
 

Data integration and scaling were performed with either the HKL2000 package                        

(HKL Research, Inc., Charlottesville, Virginia, USA) or a combination of XDS 77 and 

XSCALE 77, XDS and SCALA 78 or IMOSFLM 79 and SCALA depending on the detector 

used (e.g. XDS for a MAR MOSAIC 225 mm detector) and on crystal parameters. The 

programs used for each structure are given in the header of the respective PDB entry. If 

required, data reduction was performed using TRUNCATE 78; 80. In general, 5 % of the 

reflections were omitted from the refinement and used for calculation of a free R factor. Space 

group and cell contents of each structure are summarized in table 4. Table 5 lists the data 

processing and refinement statistics.  

 

 

6BStructure determination 

 
The structure 3 FZI was solved by means of Molecular Replacement (MR) with Molrep 78; 81 

using the protein coordinates of the human Ape1-DNA complex structure deposited with the 

PDB code 1DE9 35 with all non-conserved residues mutated to alanine as a search model. The 

signal to noise ratio of the rotation function was I/ζ = 9.6 with the next false peak exhibiting 

I/ζ(I) of 4.2. The translation function exhibited a correlation coefficient of Scor = 0.45 and an 

R factor of 55.3 %. Subsequent rigid body refinement resulted in a CC of 0.61. All other 

structures described here were solved by MR using MOLREP and the template structure 

3FZI.  
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7BRefinement 
 
Refinement was performed using Refmac5 82, PHENIX 37 and SHELXL 83, respectively. For 

use of the latter, the coordinate file was prepared with SHELXPRO, whereas the reflection 

file format was converted with XDSCONV before the assignment of free R flags with XPREP 

(Bruker AXS Inc., Madison, Wisconsin, USA). Except for the structure 3G91 which was 

anisotropically refined with SHELXL all structures were refined isotropically. A random set 

of 5 % of reflections was excluded from refinement to monitor Rfree for all structures except 

for 3GA6, for which the free R flags were assigned in thin shells using DATAMAN              

v. 040701/6.3.5 84. Cycles of refinement were alternated with manual building in COOT 85. In 

general, water molecules were assigned for peaks above 3.0 ζ in FoFc difference maps and 

retained when represented in the 2FoFc map at a level of 1.0 ζ as well as located not further 

than 3.5 Å away from a putative hydrogen bonding partner. The quality of the model was 

analyzed using PROCHECK 86. The residues Ser69, Asp103 and Phe173 were found to be 

located in the generally allowed or disallowed Ramachandran regions in most structures. 

SIOCS (version 2007/07 alpha_test 0.1; Heisen & Sheldrick, in preparation) was used for 

prediction of the amide / imidazole orientations of asparagine, glutamine and histidine side 

chains. The refinement statistics are summarized in table 5 and listed in detail in each PDB 

entry. The number of molecules in the asymmetric unit as well as the number of amino acids, 

DNA residues, solvent and water molecules included in each final structure are given in     

table 6. 

 

The structure 3G0R does not include any bromine atom at the residue 2 of chain G, although 

the oligonucleotide used for co-crystallization contained the nucleotide 5-Bromo-2`dC, since 

there was no hint for such a heavy atom at the appropriate position in the electron density 

map. Reasons for the absence might either be an inefficient incorporation of the modified 

nucleotide during DNA synthesis, a break of the bond between the appropriate C5 of residue 

2 in chain G and the bromine atom caused by heating or light during the annealing procedure 

or crystallization. Another explanation for the absence of the bromine label might be radiation 

damage during data collection.  

 

The refinement of the perfectly twinned Mth0212-DNA complex structure 3GA6 is described 

in more detail in the results section. The arrangement of the DNA helices cannot be correctly 

described in the apparent space group C2221 due to the fact that one of the 2-fold axes would 
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divide the pseudo-continuous helices in the middle of its length. Since the oligonucleotides 

used for crystallization did not represent palindromic sequences they cannot be depicted by 

half of the sequence in one asymmetric unit and its symmetry equivalents in the adjacent 

asymmetric unit (separated by the 2-fold axis). Though disorder of the DNA molecules within 

the crystal cannot be excluded but is even assumed, there was no possibility to determine the 

occupancies of the DNA oligonucleotides bound in opposite directions undoubtedly (with 

their 5`- and 3`- end next to the intercalating residue R209 of the two protein molecules in the 

asymmetric unit). That`s why the final model was refined in P21 with PHENIX including the 

twin law “l,-k,h”. The choice of the monoclinic space group was supported further by the final 

value 0.497 of the refined twin fraction, although the difference to the description of a perfect 

twin (0.5) is only small. However, the interpretation of the model is not influenced by these 

crystallographic methodical considerations.  

 

 

8BAccession numbers 
 

The coordinates and structure factors were deposited in the Protein Data Bank with the 

accession codes listed in table 6.  

 

 
9BStructure analysis 
 

The multiple sequence alignment was performed with T-COFFEE. For superposition, the 

chains B, X and Y of the structure 1DEW, chain B of 1VYB and chain A of 2J63, 2O3C and 

2VOA were used. Superpositions were performed with SSM superpose 78; 87; 88, DALI or 

DALILite v.3 42. Alternatively, structures were aligned directly in PyMOL 94. For the 

superposition of the Mth0212-DNA complex structure 3GA6 with human Ape1 in complex 

with DNA the structural alignment matrix from DALILite v.3 42 using the residues 4-255 of 

chain A of 3GA6 and 62-316 of chain A of the PDB entry 1DEW was applied in order to 

exclude flexible N- and C-terminal residues to get the best fit. Calculations of the electrostatic 

surface potential were performed with DELPHI 4.1 (Rocchia et al., 2002). The solvent 

accessible surface buried upon DNA binding was calculated with AREAIMOL 87; 89 from the 

CCP4 suite 78 using a 1.4 Å probe radius 90. A modified version of the program AMIGOS 39 

kindly provided by Tim Grüne (Department of Structural Chemistry, Institute of Inorganic 

Chemistry, Georg-August-University of Goettingen) was used for analysis of the DNA 
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backbone torsions and for comparison with common standard values in analogy to regions in 

the Ramachandran plot which are used for validation of protein geometry. The program 

NUCPLOT 91; 92 was used for schematic representations of protein-DNA interactions (Fig. 

4c). Anomalous difference maps were calculated with FFT 93 using a 5.0 Å resolution cut off. 

In addition to the sites A and B representing manganese ions which are discussed in the 

results section, only two further but less significant peaks were detected caused by 

Cys35/Cys149 (4.3 ζ) and Cys249 (4.1 ζ). 

 

 

10BFigure preparation 
 

Figures 1-9, S1c, S1d, S2, S4 and S5 were created with PyMOL 94, whereas CCP4 

MOLECULAR GRAPHICS (CCP4MG) was used for Figure S3. COOT was used to generate 

Fig. S1b.  
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Table 1. Members of the ExoIII family of nucleases which have been studied by means of         
X-ray crystallography (*) as well as additional structures exhibiting a significant similarity on 
the level of the three-dimensional overall structure (#). ExoIII = exonuclease III from 

Escherichia coli 32, Ape1 = human Ape1 (formerly HAP1, Ref-1) 35; 40; 41; 95 (cf. also 2ISI: 
Agarwal & Naidu, to be published, deposited 2006), NEXO = 3`-5` exonuclease from 

Neisseria meningitides (2JC4, Carpenter et al., to be published, deposited 2006), NAPE1 = 
AP endonuclease from Neisseria meningitides (2JC5, Carpenter et al., to be published, 
deposited 2006), Dr_Ape1 = Ape from Danio reo (zebrafish) (2O3C, Georgiadis et al., to be 

published, deposited 2006), LMAP = LMAP from Leishmania major 21, Af_Exo = 
exonuclease III from Archaeoglobus fulgidus 36, DNaseI = bovine DNaseI 43; 44; 96; 97; 98; 99, 

LINE-1 = hairpin exchange variant of the human targeting LINE-1 retrotransposon 
endonuclease 100; 101 (see also Tab. S1).  
 

Abbreviation of the 

enzyme name 

PDB entries 

ExoIII 1AKO 

Ape1 1BIX, 1DE9, 1DEW, 1E9N, 1HD7, 2ISI, 2O3H 

NEXO 2JC4 

NAPE1 2JC5 

Dr_Ape1 2O3C 

LMAP 2J63 

Af_Exo 2VOA 

DNaseI 1DNK, 2DNJ, 3DNI 

LINE-1 2V0R, 1VYB, 2V0S 
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Table 2. Sequences of the DNA oligonucleotides which were used for complex formation 
with Mth0212 and subsequent co-crystallization yielding a structure deposited in the PDB. 
The nucleotides visible in the respective complex structure are marked in grey (,when only 

the phosphate moiety is included in the final structure, the respective nucleotide is not 
highlighted). 2`-deoxyuridine (U) and 2`-deoxy-5`-O-thiophosphonouridine (sU) residues are 

highlighted in orange. CBr = 5-Bromo-2`-deoxycytidine, # = ROX NHS 5/6-mixture 
connected to the nucleotide at the 3`-end of the DNA strand via the amino linker C6 CPG. 
The second column specifies whether wild-type (WT) or the mutant protein 

Mth0212(D151N) was crystallized. # The mutation T2A which was introduced due to the 
cloning strategy occurs in all protein batches and thus is not listed separately. The ratio 

between GC and AT base pairs is given in column 3 together with the base opposite of the    
2`-deoxyuridine residue. 

 

PDB-ID Mth0212: 
WT / 

D151N # 

base pair ratio 
GC:AT; 

opposite U 

DNA oligonucleotides used for co-crystallization 

3G2C WT 4:4 
G 

5` - C G T A sU T A C G – 3` 
3` - G C A T   G A T G C – 5` 

3G3Y WT 4:4 
C 

5` - C G T A sU T A C G#  – 3` 
3` - #G C A T  C  A T G C  – 5` 

3G2D D151N 6:1 
G 

5`-       C C T G U G C G A T – 3`          
3`-   C G G A C G C G C      – 5 
 

5`-       C C T G U G C G A T – 3`          
3`-   C G G A C G C G C      – 5 

3G3C WT 4:4 

C 

5` -   C G T A sU T A C G# – 3` 

3` - #G C A T   C A T G C  – 5` 

3G4T WT 4:4 
C 

5` -   C G T A sU T A C G#  – 3` 
3` - #G C A T  C  A T G C    – 5` 

3G38 D151N 6:1 
G 

5`-       C C T G U G C G A T – 3`          
3`-   C G G A C G C G C      – 5 

3G0R D151N 7:2 
G 

5` -         C C C T G U G C A G   C  –  3` 
3` - G C G G G A C G C G T CBr G -  5` 

3G00 D151N 4:4 
T 

5` - C G T A U T A C G  – 3` 
3` - G C A T T A T G C  – 5` 

3GA6 D151N 9:2 

G 

5` - G C C C T G U G C A G C –  3` 

3` - C G G G A C G C G T C G -  5` 
 

5` - G C C C T G U G C A G C –  3` 
3` - C G G G A C G C G T C G -  5` 

apo structure: 

3G1K  4:4 

G 

5` - C G T A sU T A C G – 3` 

3` - G C A T   G A T G C – 5` 
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Table 3. Conditions of protein solution, complex formation and crystallization experiment 
used for structure determination. “DNA:protein” indicates the molar ratio between protein and 
dsDNA used for co-crystallization. * “v/v”: vol. (probe) + vol. (res.) [µl]. 

 
PDB-ID protein / complex 

solution (probe) 

reservoir solution 

(res.) 

v/v* cryo protecting 

solution 

3FZI 600 mM NaCl 

 20 mM HEPES-KOH pH 7.6 

  2 mM DTT 

12.6 mg/ml Mth0212(WT) 

20 % (w/v) PEG 

1500 

100 mM HEPES pH 

7.5 

 20 % (w/v) PEG 

1500 

100 mM HEPES-

KOH pH 7.5 

2 mM DTT 

3G1K 1 mM MgCl2  

50 mM KCl  

10 mM KH2PO4/K2HPO4 pH 

7.0 

12.7 mg/ml Mth0212(WT)  

DNA : protein: = 1.1:1.0 

10 % (w/v) PEG 400 

100 mM sodium 

cacodylate pH 6.5  

0.7 + 0.7  7 % (w/v) PEG 

400 

75 mM sodium 

cacodylate pH 

6.5 

25 % (v/v) 

glycerol 
3G8V 120 mM NaCl  

  2 mM DTT 

  8 mM HEPES-KOH pH 7.6  

8.7 mg/ml Mth0212(D151N) 

dUMP:Mth0212 = 83:1 

 

15 % (w/v) PEG 

3350 

33 mM MnCl2; 
in the drop: 

2x concentrated 

and buffered 

reservoir: 30 % 

PEG3350, 100 mM 

MnCl2, 200 mM 

sodium cacodylate 

pH 6.5 

3.34+ 0.66 11 % (w/v) PEG 

3350 

25 mM MnCl2 
25 % (v/v) 

glycerol 
 

3G91 

 

180 mM KCl 

  10 mM KH2PO4/K2HPO4  

        pH 7.0 

12.0 mg/ml Mth0212    

           (K116A) 

DNA : protein: = 1.3:1.0 

 

20 % (v/v) MPD  

 40 mM MgAc 

 50 mM sodium 

cacodylate pH 6.0  

0.7 + 0.7 35 mM MgAc  

45 mm sodium 

cacodylate pH 

6.0  

27 % (v/v) MPD 

3 % (v/v) 

glycerol 

3G0A 

 

600 mM NaCl          

 20 mM HEPES-KOH pH 7.6  

  2 mM DTT 

12.6 mg/ml Mth0212(WT) 

 

10 % (w/v) PEG 

20000 

100  MES pH 6.5 

 

1.0 + 1.0 6 % (w/v) PEG 

20000 

 23 % (v/v) 

glycerol  

60 mM MES-NaOH 

pH 6.5 

200 mM MnCl2 

3G2C 50 mM KCl  

10 mM KH2PO4/K2HPO4 pH 

7.0 

 1 mM MgCl2  

12.7 mg/ml Mth0212(WT) 

DNA : protein = 1.1:1.0 

25 % (v/v) MPD  

100 mM HEPES-KOH 

pH 7.0 

 

0.7 + 0.7 18 % (v/v) MPD  

75 mM HEPES-KOH 

pH 7.0 

25 % (v/v) 

glycerol 

3G3Y 50 mM KCl  

10 mM KH2PO4/K2HPO4 pH 

7.0  

 1 mM MgCl2 

12.0 mg/ml Mth0212(WT) 

DNA : protein = 1.2:1.0 

40 mM MgAc  

50 mM sodium 

cacodylate pH 6.0 

20 % (v/v) MPD 

0.7 + 0.7 35 mM MgAc  

45 mm sodium 

cacodylate pH 

6.0  

27 % (v/v) MPD 

3 % (v/v) 

glycerol 
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(Table 3 continued:)  
PDB-ID protein / complex 

solution (probe) 

reservoir solution 

(res.) 

v/v* cryo protecting 

solution 

3G2D 

 

240 mM NaCl 

  8 mM HEPES-KOH pH 7.6 

  4 mM DTT 

  2 mM MgCl2  

  1 mM KH2PO4/K2HPO4  

       pH 7.0 

19.0 mg/ml Mth0212  

           (D151N) 

DNA : protein = 1.3:1.0 

5 % (w/v) PEG 4000 

50 mM KCl  

50 mM MES-NaOH pH 

5.8  

10 mM MgCl2  

0.7 + 0.7 3 % (w/v) PEG 

4000  

30 mM KCl  

30 mM MES-NaOH 

pH 5.8  

7 mM MgCl2  

33 % (v/v) 

glycerol 

3G3C 50 mM KCl  

10 mM KH2PO4/K2HPO4 pH 

7.0  

 1 mM MgCl2 

12.0 mg/ml Mth0212(WT) 

DNA : protein = 1.2:1.0 

40 mM MgAc  

50 mM sodium 

cacodylate pH 6.0 

20 % (v/v) MPD 

0.7 + 1.0 35 mM MgAc  

45 mm sodium 

cacodylate pH 

6.0  

27 % (v/v) MPD 

3 % (v/v) 

glycerol  

3G4T 50 mM KCl  

10 mM KH2PO4/K2HPO4 pH 

7.0  

 1 mM MgCl2 

 8.0 mg/ml Mth0212(WT) 

DNA : protein = 1.2:1.0 

40 mM MgAc  

50 mm sodium 

cacodylate pH 6.0  

30 % (v/v) MPD 

0.7 + 0.7 40 mM MgAc  

50 mm sodium 

cacodylate pH 

6.0  

30 % (v/v) MPD 

3G38 180 mM NaCl 

  6 mM HEPES-KOH pH 7.6 

  2 mM MgCl2 

  2 mM DTT 

  10 mM KCl  

2 mM KH2PO4/K2HPO4 pH 7.0 

14.9 mg/ml Mth0212  

           (D151N) 

DNA : protein = 1.4:1.0 

5 % (w/v) PEG4000 

50 mM KCl  

100 mM MES pH 5.6 

10 mM MgCl2 

0.9 + 0.9 5 % (w/v) 

PEG4000  

45 mM KCl  

90 mM MES pH 

5.6  

10 mM MgCl2 

10 % (v/v) 

glycerol 

 

3G0R 234 mM    NaCl  

  7 mM   HEPES-KOH pH 

7.6  

  2 mM    MgCl2  

  3 mM    DTT 

13.4 mg/ml Mth0212  

           (D151N)  

DNA : protein = 2.1:1.0 

189 mM  KCl  

 10 mM  MgCl2  

4.7 % (w/v) PEG 

8000  

  47 mM  MES-NaOH 

pH 5.6  

2.1 % (w/v) 1,4-

butandiol  

  2 mM DTT   

1.0 + 2.0 3.1 % (w/v) PEG 

8000  

126 mM KCl  

6 mM MgCl2   

32 mM MES-NaOH 

pH 5.6   

1.4 % (w/v) 

1,4-butandiol  

33 % (v/v) 

glycerol 

3G00 50 mM  KCl  

10 mM KH2PO4/K2HPO4 pH 

7.0  

  1 mM MgCl2  

8.8 mg/ml Mth0212 

          (D151N)  

DNA:protein = 1.2:1.0  

30 % (v/v) MPD  

40 mM MgCl2  

50 mM KH2PO4/K2HPO4 

pH 7.0  

0.7 + 0.7 30 % (v/v) MPD  

40 mM MgCl2  

50 mM 

KH2PO4/K2HPO4 pH 

7.0 

3GA6 

 

245 mM NaCl 

   8 mM HEPES-KOH pH 7.6 

 2 mM MgCl2 

 3 mM DTT 

19 mg/ml Mth0212 

          (D151N)  

DNA:protein = 1.4:1.0 

5 % (w/v) PEG 8000 

200 mM KCl 

 10 mM MgCl2 

 50 mM MES-NaOH pH 

5.6 

 2 mM DTT 

0.6 + 0.6 4 % (w/v) PEG 

8000  

150 mM KCl 

  8 mM MgCl2 

 40 mM MES-NaOH 

pH 5.6 

25 % (v/v) 

glycerol  
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Table 4. Space groups and unit cell parameters of the Mth0212 apo and –DNA complex 
structures. 
 

PDB-ID  

 space group unit cell [Å, °] 

3FZI P65 56.040 / 56.040 / 161.320 

 90.00 / 90.00 / 120.00 

3G1K P21 44.635 / 80.345 / 81.839  

 90.00 / 90.32 / 90.00 

3G8V P65 60.310 / 60.310 / 149.450  

 90.00 / 90.00 / 120.00 

3G91 

 

P21 44.330 / 72.110 / 46.330  

90.00 / 117.96 / 90.00 ° 

3G0A 
 

P65 56.381 / 56.381 / 162.932 

90.00 / 90.00 / 120.00 

3G2C P32 80.325 / 80.325 / 79.611  

 90.0 / 90.0 / 120.0 

3G3Y P32 80.487 / 80.487 / 79.749 

 90.00 / 90.00 / 120.00 

3G2D 
 

P21 44.603 / 81.301 / 97.091  

 90.00 / 90.00 / 90.00 

3G3C P21212 100.354 / 79.337 / 98.550  

 90.00 / 90.00 / 90.00 

3G4T P21212 100.764 / 79.600 / 99.409  

 90.00 / 90.00 / 90.00 

3G38 P21212 79.960 / 107.150 / 44.270  

 90.0 / 90.0 / 90.0 

3G0R P21 44.751 / 80.760 / 105.211 

 90.00 / 94.03 / 90.00 

3G00 P21 48.966 / 79.510 / 87.750  

 90.00 / 97.76 / 90.00 

3GA6 
 

P21 54.834 / 126.655 / 54.826  

 90.00 / 93.14 / 90.00 
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Table 5. Data collection and refinement statistics. Numbers in parentheses refer to the outer 
resolution shell. Rsym = 100 Σh Σi |Σ Ii(h) - ‹I(h)›| / Σh I(h), where Ii(h) is the ith measurement 
of reflection h of the average reflection intensity ‹I(h)›. * hs = RIGAKU MICROMAX-007 

(home source).  
 
PDB-

ID 

beamline, 

wavelength 

[Å] 

resolution 

[Å] 

Rsym [%] I/ 

sig(I) 

redun- 

dancy 

complete- 

ness [%] 

unique 

reflec-

tions 

Rwork 

Rfree 

[%] 

 

3FZI EMBL/DESY 

X13  

0.80150 

50.0-1.90 

(1.97-1.90) 

 

5.8 

(55.8) 

36.3 

(4.0) 

7.5 

(7.3) 

99.8 

(100.0) 

22592 

 

19.8 

26.2 

3G1K EMBL/DESY 

X11  

0.80148 

39.28-3.10 

(3.18-3.10) 

14.8 

(33.2) 

9.8 

(4.0) 

4.0 

(3.5) 

99.0 

(94.1) 

10535 

 

19.7 

29.0 

3G8V EMBL/DESY   

0.97900 

50.0-2.40 

(2.49-2.40) 

9.3 

(39.1) 

11.7 

(3.3) 

3.2 

(3.2) 

96.7 

(100.0) 

73402 22.0 

28.0 

3G91 BESSY 

BL14.2 

0.91841 

19.40- 

1.23 (1.27-

1.23) 

2.9 

(13.1) 

28.1 

(9.0) 

4.06  

(3.66) 

97.9 

(92.7) 

297294 12.2 

17.2 

3G0A hs 

1.5418 

50.0-2.60 

(2.69-2.60) 

9.5 

(35.1) 

17.0 

(2.4) 

6.5 

(2.4) 

96.6 

(82.6) 

8864 19.0 

25.2 

3G2C EMBL/DESY 

X11  

0.80150 

30.0-2.30 

(2.38-2.30) 

8.5 

(34.7) 

17.1 

(4.1) 

5.5 

(4.5) 

99.8 

(99.3) 

25521 26.3 

20.4 

3G3Y BESSY 

BL14.2 

1.00605 

50.0-2.50 

(2.59-2.50) 

6.4 

(35.5) 

60.1 

(4.6)  

4.9 

(4.9) 

100.0 

(100.0) 

19991 21.1 

30.0 

3G2D  EMBL/DESY 

X13  

0.80150 

50.00-2.30 

(2.38-2.30) 

5.5 

(19.1) 

18.0  

(4.2) 

2.9 

(2.6) 

93.8 

(76.3) 

29120 20.8 

29.8 

3G3C BL14.2 

0.91841 

50.0-3.04 

(3.15-3.04) 

8.2 

(50.9) 

26.3 

(4.1) 

7.3 

(6.8) 

100.0 

(100.0) 

15706 22.0 

30.1 

3G4T BESSY 

BL14.2 

0.91841 

50.0-2.64 

(2.73-2.64) 

4.7 

(41.7) 

36.2 

(2.5)  

7.6 

(4.6) 

97.9 

(83.1) 

23676 22.7 

30.9 

3G38 EMBL/DESY 

X11  

0.80150 

36.42-2.74 

(2.89-2.74) 

11.7 

(47.1) 

5.9 

(1.6) 

7.6 

(7.8) 

100.0 

(100.0) 

10553 25.6 

32.8 

3G0R 

 

EMBL/DESY 

X12 

0.97623 

50.0-2.40 

(2.49-2.40) 

6.1 

(19.1) 

22.7(5.

2) 

4.7 

(3.2) 

92.8 

(72.3) 

27308 17.8 

24.3 

3G00 

 

BESSY 

BL14.1 

0.91838 

17.0-1.74 

(1.80-1.74) 

3.3 

(26.8) 

15.7 

(3.2) 

2.1 

(1.8) 

94.9 

(72.0) 

65383 16.7 

21.7 

3GA6 

 

BESSY 

BL14.2 

0.91800 

50.0-1.90 

(1.97-1.90)  

7.5 

(60.7) 

22. 

(1.8) 

6.7 

(4.1) 

95.8 

(72.2) 

56272 15.5 

20.3 
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Table 6. Structures deposited in the PDB. The kind of protein (WT/D151N/K116A) used for 
each PDB-ID (column 1) is listed in the second column (“Mth0212”). The mutation T2A 
which was introduced due to the cloning strategy occurs in all protein batches and is not listed 

separately. The column “protein molecules” specifies the number of protein molecules per 
asymmetric unit followed by the amino acid residues included in the final model in 

parentheses. The column “DNA strands” gives the number of DNA strands and indicates 
whether it is single- (ss) or double-stranded (ds) DNA as well as the number of nucleotides 
(nt) in each strand with the number of non-pairing bases (“nucleotide overhangs”) labelled 

with “o” and phosphate moieties at the 3`- or 5`-end marked by “3P” and “5P”, respectively. 
The number of ligand, solvent and water molecules or ions is given in the last column using 

the following abbreviations: “g” = glycerol, “P” = PO4
3-, “pg4” = tetraethylene glycol,           

“w” = water.  
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PDB-

ID 

Mth 

0212 

title protein 

molecules 

DNA strands  solvent 

molecules 

3FZI WT 1.9 Angstrom structure of 

the thermophilic 

exonuclease III homolog 

Mth0212 

1  

(A2-E259) 

- 1 Mg2+, 

292 w 

3G1K WT Mth0212 (WT) crystallized 

in a monoclinic space group 

2 (A2-

L257, A2-

L257) 

- 2 Mg2+,  

38 w 

3G8V D151N The rationally designed 

catalytically inactive 

mutant Mth0212(D151N) 

1 (A2-

E256) 

- 3g,  

1 pg4,  

100 w 

3G91 K116A 1.2 Angstrom structure of 

the exonuclease III homolog 

Mth0212 

1 (A2-

H261) 

- 1 Mg2+,  

1 P, 1 g, 

1 pg4,  

1 PEG,  

433 w 

3G0A WT Mth0212 with two bound 

manganese ions 

1  

(V3-E259) 

- 2 Mn2+,  

1 g, 1 P, 

70 w 

3G2C WT Mth0212 in complex with a 

short ssDNA (CGTA) 

2 (A2-

L258, V3-

L257) 

1 (ss, 4nt, 

5P) 

2 Mg2+,  

7 g, 3 P, 

168 w 

3G3Y WT Mth0212 in complex with 

ssDNA in space group P32 

2 (A2-

L258; A2-

E256) 

 2 Mg2+,  

4 g, 65 w 

3G2D D151N Complex of Mth0212 and a 4 

bp dsDNA with 3`-overhang 

2 (A2-

L257; A2-

E256)  

4 (ds+ds, 

8/8/9/9 nt, 

4o+5o) 

7 g,  

4 pg4,  

3 P, 329 w 

3G3C WT Mth0212 (WT) in complex 

with a 6bp dsDNA containing 

a single one nucleotide 

long 3`-overhang 

2 (A2-

E256; A2-

L258) 

2 (ds,  

6/7 nt, 1o) 

2 Mg2+,  

1 MRD,  

2 P, 6 w 

3G4T WT Mth0212 (WT) in complex 

with a 7bp dsDNA 

2 (V3-

E256; M1-

I255 

2 (ds,  

7/7 nt)  

2 Mg2+,  

3 P,  

16 w 

3G38 D151N The catalytically inactive 

mutant Mth0212 (D151N) in 

complex with an 8 bp dsDNA 

1 (A2-

L258) 

2 (ds,  

8/8 nt) 

6 g,  

48 w 

3G0R D151N Complex of Mth0212 and an 

8bp dsDNA with distorted 

ends 

2 (V3-

L257, V3-

E256) 

2 (ds,  

8/8 nt) 

2 Na+,  

12 g,  

3 pg4,  

305 w 

3G00 D151N Mth0212 in complex with a 

9bp blunt end dsDNA at 1.7 

Angstrom 

2 (A2-

L258, V3-

L257) 

2 (ds,  

9/9 nt) 

4 P, 3 g, 

2 MPD,  

659 w 

3GA6 D151N Mth0212 in complex with two 

DNA helices 

2 (V3-

E256, A2-

E256) 

4 (ds/ds, 

12/11/12/11 

nt, 1o/1o) 

1Na+,  

2P, 19 g, 

354 w 
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Fig. 1. Overview of the structures of Mth0212 alone as well as in complex with distinct DNA 
substrates and products. Cartoon representations with protein and DNA molecules coloured in grey 
and dark green, respectively. Metal and phosphate ions bound in the active site are included as black 
spheres and orange-red sticks, respectively. The side chains of the residues 116 and 151 which have 
been replaced for the mutational studies are highlighted as red sticks. For structures with phosphate 
moieties of the DNA bound in the active site, the respective nucleotides are represented as sticks as 

well.  
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(a) (b)  

Fig. 2. Mth0212 (WT) with two bound manganese ions (3G0A). The anomalous difference map is 
contoured at a level of 5.0 σ and 3.0 σ in blue and green, respectively, the peaks represent the 
anomalously scattering metal ions bound at the coordination sites A and B. (a) Overall structure. The 
black rectangle specifies the region which is represented in an enlarged view in (b). (b) Close up on 

the metal coordination site, the location in the overall structure is indicated in (a). 
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                      3FZI                                                          3G91                                                  3G0A   

                     
                          3G0R                                                  3G2C                                                  3G3Y 

    
                                 3G2C                                                   3G00 

[Fig. 3, caption see below] 
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Fig. 3. Comparison of ligands bound in the active site of selected Mth0212 apo and –DNA complex 
structures. The respective PDB code is denoted with each representation. Except for the structure 
3GA6 the amino acid residues only serve for orientation and thus are taken by the superposed 
structure 3G00, they are depicted in very similar orientations. In the representations of the complex 
structure 3GA6, different oritentations are shown, all residues derive from this PDB entry. 
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(a)    (b)  

[Fig. 4, caption see below] 
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(c) [Fig. 4, caption see below] 
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(d)  
Fig. 4. Structure of Mth0212 in complex with two exonucleolytically bound DNA helices (3GA6).          
(a) Surface representation of the protein residues (molecule A) coloured according to the 
electrostatic surface potential. The bound DNA is represented as cartoon model and coloured in 
black. (b) The intercalating side chain Arg209 (coloured by atom in magenta and blue, respectively). 
Stacking interactions are indicated by broken lines with the distances roughly given in Å. (c, d) 
Schematic representation of the Mth0212-DNA interactions for the two DNA duplexes formed by (c) 
chains D and F and (d) chains G and H, resepctively, that are bound by the two protein molecules (A 

and B) of the asymmetric unit.  
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(a)  

(b)  

(c) (d)  

Fig. 5. (a) Superposition of all Mth0212 apo and Mth0212-DNA complex structures harbouring a 
phosphate group in the active site. Only this phosphate group and if present residues bound to it are 
shown in stick mode. Magnesium and manganese ions are represented as spheres. For orientation 
the side chains of the coordinating amino acids are shown as black lines. Except for the phosphate 
anion in 3G00 (coloured in red) all phosphate groups fit well with each other and are bound at 
coordination site B. (b) Superposition of the phosphate groups coordinated in the high resolution 
structure of Mth0212 alone (3G91) and the Mth0212-DNA complex 3G00. The sticks are coloured by 
atom, residues of the coordinating side chains are shown for 3G00. Ordered solvent molecules (in 
blue and rose for 3G00 and 3G91, respectively) and the Mg2+ ion coordinated in 3G91 (in green) are 
shown as spheres. (c) Superposition of all Mth0212 apo and –DNA complex structures in cartoon 
representation coloured by each PDB entry (cf. Tab. 6). (d) Close up on the three DNA binding 
specificity loops which are shown in stick mode. For clarity, only the high resolution apo form 3G91 
and the complex 3GA6 were superposed.  
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Fig. 6. Superposition of the crystal structures representing Mth0212 with homologuous structures in 
cartoon mode in different oritentations. The PDB codes of the used structures are given in brackets. 
For orientation, the phosphate anion and the magnesium ion bound in 3G91 as well as the DNA 
duplices bound in 3GA6 are shown as sticks, sphere and cartoon, respectively. The following colour 
code was applied: Mth0212 in dark grey, human Ape1 in complex with DNA (1DEW) in light green, 
ExoIII from Escherichia coli (1AKO) in dark blue, an AP endonuclease from Archaeoglobus fulgidus 
(2VOA) in light blue, LMAP from Leishmania major (2J63) in dark green, zebrafish Ape (2O3C) in 
magenta as well as the 3`-5` exonuclease NEXO from Neisseria meningitidis (2JC4) in red and NAPE 
from N. meningitidis (2JC5) in orange, the endonuclease domain of human LINE1 ORF2P (1VYB) in 

yellow and bovine DNaseI in complex with DNA (1DNK) in light grey. 
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Fig. 7. Superposition of the structures of Mth0212 alone (3G91) with Ape1 in complex with uncleaved 

and incised AP-DNA (1DEW and 1DE9 in green and blue, respectively). The phosphate groups fit well. 
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Fig. 8. Superposition of the Mth0212-DNA complex 3GA6 in partially transparent surface 
representation of the protein residues with the intercalating / DNA contacting residues Met117 and 
Arg209 as well as the active site residues and the nucleotides close to the active site in stick mode. 
Arg177 of an Ape1-DNA complex is shown in stick mode as well with carbon atoms coloured in bright 

yellow).  
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Fig. 9. Glycerol molecule in the active site pocket of molecule B of the Mth0212-DNA complex 3GA6 
(carbon atoms in cyan and oxygen atoms in magenta). For comparison, Ape1 in complex with 
uncleaved AP-DNA (1DEW) is superposed, the DNA residues are shown in light yellow with the AP 
site highlighted in orange. Additionally, in the overview the DNA residues which are bound at protein 
molecule A in the same complex are shown (in blue). The catalytically essential residues Glu38, 
Asp222 and His248 are shown as black sticks. The amino acids which form hydrogen bonds with the 
bound glycerol molecule are shown in stick mode and coloured by atom (Lys125, Asn114, Asn153, 
Ser171) (for some residues only the side chains).  
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Results 

 

Overall structure: secondary structure elements and topology 

Mth0212 is a globular α/β protein consisting of two domains with similar topologies each 

comprising a six-stranded β-sheet surrounded by α-helices. The following description of the 

overall structure is based on the high resolution structure 3G91 but is valid for all other 

structures as well with only negligible deviations.  

Domain I comprises the residues 2-76, 197-217 and 234-257, while domain II consists of the 

amino acids 80–192 and 218-228. Both domains display a similar topology and together form 

a four- layered α/β –sandwich. One β-sheet is formed by the strands β1-β4, β11 and β12, while 

the other β–sheet is composed of β5-β10. The β-strands β1 (3-10), β2 (33-37), β3 (57-61),         

β5 (81-83), β7 (106-111), β8 (146-151), β9 (189-191) and β11 (234-239) are parallel to each 

other and anti-parallel to β4 (71-75), β6 (97-101), β10 (222-227) and β12 (251-255) with the 

topology β3-β4-β2-β1-β12-β11 and β5-β6-β7-β8-β10-β9, respectively. The overall 

dimensions amount to approximately 47 x 44 x 38 Å3. The two six-stranded β-sheets of the 

two domains are flanked by two long α-helices on each side comprising the residues             

13-30 (α1), 42-52 (α2), 118-142 (α4) and 174-187 (α7) as well as five shorter α-helices 

ranging from 88-93 (α3), 157-161 (α5), 164-168 (α6), 192-197 (α8) and 229-232 (α9), 

respectively.  

 

 

Materials and Methods 

 

The structure 3GA6 was refined as a twin in the space group P21 with PHENIX 37 using the 

twin law “l,-k,h”. The analysis as well as refinement procedures are described in detail in the 

following. An indication of possible hemihedral twinning in the 3GA6 complex crystal was 

the observation that the data could be indexed, processed and scaled with comparable overall 

Rsym values in the space groups P21 and C2221 as has been reported e.g. for the γδ T-cell 

ligand T10 102. The cell parameters amounted to 54.83 Å / 126.66 Å / 54.83 Å / 90.00° / 

93.14° / 90.00° for P21 and 75.38 Å / 79.64 Å / 126.65 Å and all angles 90.0° for the apparent 

space group C2221, respectively. The equal length of the axes a and c in the monoclinic space 
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group is one of the common warning signs of twinned crystals. Calculation of the packing 

density based on the monoclinic data yielded two complexes in the asymmetric unit (asu) with 

a Matthews coefficient of about 2.5 Å3/Da (55.2 % solvent content). The even number of 

complexes in the asu is reasonable due to the bisection of the volume in C2221. Since the 

same solvent content was estimated in the C2221 setting when one complex was assumed, 

packing density considerations did not provide indications of twinning. The same applies to 

an L-test performed with DATAMAN 84 (Fig. S1a) as well as the |E2-1| value of 0.784 

calculated with XPREP (Bruker AXS Inc., Madison, Wisconsin, USA) (0.736 expected for an 

untwinned non-centrosymmetric structure and lower values for twinned data).  

Thus, the space group ambiguity had to be resolved during structure determination. According 

to the common practice, first the data in the higher symmetry space group C2221 were used. 

After MR and the first round of refinement using only the protein coordinates, clear density 

for the DNA duplex was observed (Fig. S1b). But obviously the density representing the 

dsDNA was clearly continuous over the interchange between two adjacent asymmetric units.  

Therefore, either the space group was incorrect or the DNA which was arranged in pseudo-

continuous helices throughout the crystal was disordered. The disorder did not only concern a 

shift with regard to the position of the protein in the asu but additionally a rotation around the 

same axis since the 12bp DNA sequence was not palindromic. The absence of hints for 

twinning in the data statistics could be due to the low number of reflexes twinned, since the 

molecular differences concern only a few atoms located in the bases which differ between the 

two protein-DNA complexes in P21. 

In analogy to similar observations for RNA heptamer double helices 103, both the refinement 

in C2221 modelling the residues of the four DNA strands with an occupancy of 0.5 each to 

reflect their disorder and twin refinement in P21 applying the twin law “l,-k,h” were possible. 

The two strategies yielded structures of reasonable quality which did not show significant 

systematic differences. Nevertheless, at some nucleotide positions the electron density did not 

support the building of equally occupied purine and pyrimidine bases, which commonly 

becomes obvious in an ambiguous – since mixed – density reflecting opposing bases of the 

pairing DNA strands. Based on this analysis and for clarity of the resulting molecular 

structure which represents two different kinds of Mth0212-DNA exo-complexes, twin 

refinement in P21 was performed. The crystal packing in P21 is shown in Figs. S1c and S1d. 

Finally, the twin fraction was refined to about 0.5 indicating perfect twinning. At an 

intermediate stage of refinement with ShelxL 83 the structure built in P21 was analyzed for 

residual C2221 symmetry in the model. For this purpose, structure factors (Fc) were re-
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calculated from the coordinates and subsequently used for space group determination with 

XPREP. The procedure was performed with both protein and DNA coordinates and with 

either exclusively the protein or the DNA coordinates, respectively. Obtained figure of merit 

(FOM) values were compared. As expected, the complex structures did not exhibit significant 

C2221 symmetry anymore. In contrast, the protein molecules bore slight C2221 symmetry, 

while the two DNA helices of the asu clearly lacked any higher orthorhombic symmetry at all.  
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Table S1. Members of the ExoIII family of nucleases which have been studied by means of 

X-ray crystallography (*) as well as additional structures exhibiting a significant similarity on 
the level of the three-dimensional overall structure (#). For each homolog of which several 

structures are available only one representative PDB entry is listed. For abbreviations and 
references confer Tab. 1. 1 Results of an NCBI blast against the PDB corresponding to the 
aligned residues, - : no meaningful value due to the small number of aligned residues, 2 results 

from DALILite, ()2 sequence identity of the residues aligned with DALILite, 2* A Z-score ≤ 2 
indicates a spurious hit.  

 

abbreviati
on of the 

enzyme 
name 

PDB-
ID 

total 
number 

of amino 
acids 

number of 
aligned 

residues2  

sequence 
identity 

to 
Mth0212 
[%]1 , ()2 

 

sequence 
similarity to 

Mth0212 
[%]1 

Z-
score2 

* 

r.m.s.d. 
[Å]2  

ExoIII 1AKO  268  250 30 (30)   50 33.2 1.9 

Ape1 1BIX  276  255 40 (41)   59 38.4 1.4 

NEXO 2JC4  256  249 26 (27)   59 34.6 1.8 

NAPE1 2JC5  259  256 41 (41)   45 37.6 1.5 

Dr_Ape1 2O3C  282  255 41 (42)   56 39.5 1.2 

LMAP 2J63  467  252 31 (35)   40 32.9 1.9 

Af_Exo 2VOA  257  247 30 (30)   45 33.8 1.8 

DNaseI 1DNK  260  207 (34)1   - (15)     - 19.5 2.7 

LINE-1 2V0R  238  222 23 (23)   42 25.9 2.6 
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(a)   

 

(b)        (c)  

[Fig. S1, caption see below] 
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(d)  

Fig. S1. Twin refinement for the structure 3GA6. (a) Local intensity plot (cumulative N(|L|) vs. |L| 
(acentrics)) as obtained by the “L-test” using DATAMAN 84. Horizontal axis: |L|, vertical axis: N(|L|) 
acentrics. Theoretical values: untwinned: <|L|> = 0.500, <L^2> = 0.333 (red line); perfectly twinned: 
<|L|>  = 0.375,  <L^2> = 0.200 (red curve); values observed for the data set yielding 3GA6: <|L|>  = 
0.491, <L^2> = 0.322 (blue curve and points). (b) Electron density map after MR and the first round of 
refinement using data in C2221 and only the protein coordinates. For orientation, protein and DNA 
residues of the final model are shown as Cα trace and as sticks, respectively. Obviously the density is 
continuous between the two asymmetric units indicated by two protein molecules of adjacent 
asymmetric units, that are represented as green Cα traces. (c, d) Crystal packing in P21 represented in 
cartoon mode. The two protein molecules and two DNA helices included in the PDB entry 3GA6 are 
coloured in black, while symmetry equivalent complexes are coloured as an entity each 

corresponding to the symmetry operation. The two views are rotated by about 90°.  
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Fig. S2. Overall structure of Mth0212 (3G91). The cartoon representation is coloured according to the 
secondary structure: α-helices in red, β-strands in yellow, loop regions in green. The magnesium and 
phosphate ions are shown as black sphere and sticks, respectively. In the representations on the right 

and left side the view is rotated by 90°.  
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Fig. S3. Overall structure of Mth0212 (3G91). The residues are rainbow-coloured according to their 
position in the polypeptide chain from the N-terminus (magenta) to the C-terminus (red) and 
represented in cartoon mode. The side chains of the catalytically essential residues Glu38, Asp151, 
Asp222, His248 and the magnesium and phosphate ions bound in the active site are represented in 
ball and stick mode and coloured in black and light grey, respectively. The three specific DNA binding 

loops (I-III) are indicated by arrows. 
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(a)                                                     (b)                                                (c) 

Fig. S4. Mth0212-DNA complex structure 3G00. The three different orientations show the distortion 
of the DNA. The cartoons are slightly tilted and rotated by 90° with respect to each other, 
respectively. In particular in (c) the significant deviation from ideal B-form DNA conformation is 
visible, whereas it is only slightly recognizable in (b) and not abundant in (a). The same applies to the 
orientation of the representation of most Mth0212-DNA complex structures. Thus, this figure 
additionally serves as representative for the orientations used in most figures in order to get a better 
impression of the protein and DNA molecules in the three-dimensional space.  
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Fig. S5. Mth0212-DNA complex structure 3GA6 rainbow-coloured according to atomic B factors with 
an increase from blue to red. One of the two DNA duplices in the asymmetric unit exhibits a relatively 
high degree of flexibility compared with the total structure, while the other double helix is well 

defined due to a large number of crystal contacts.  
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11. SUPPLEMENTARY RESULTS AND DISCUSSION 

The following text and figures were not included in the submitted version of the publication 

due to limited space. They are not essential for the manuscript but contain complementary 

information which might help to visualize some of the described results in greater detail.  

 

Right here at the very beginning of this section, the initial aim of the project should be 

outlined again in order to make the rationale of the various Mth0212-DNA complex structure 

determinations comprehensible. The most interesting feature of the DNA repair enzyme 

Mth0212 is its unique dU endonuclease activity. Thus, the crystallographic studies have been 

geared towards an Mth0212-DNA complex showing the target dU in the substrate binding 

pocket. However, during the course of the project, this objective turned out to be more 

complicated than expected. As discussed in the manuscript this was mainly due to the obvious 

graduation of endo- and exo-complexes with regard to their thermodynamic stability in 

concert with a strong binding affinity of the enzyme which also acts as a 3`-5` exonuclease to 

the ends of the DNA. To tackle this problem, a large number of different DNA 

oligonucleotides was used for co-crystallization experiments with Mth0212 as described in 

the following.  

 

After obtaining the structure of Mth0212 alone the question concerning the coordination of 

catalytically essential divalent metal ions could not be answered unambiguously. To tackle 

this problem, several experiments were performed intended to make use of the anomalous 

scattering of manganese ions. As described in the manuscript this approach was successful 

using Mth0212(WT) and yielded the structure 3G0A. Additionally, experiments were 

performed with the mutant protein Mth0212(D151N) as follows and confirmed expectations 

that were based on biochemical data. By mutational studies (Georg et al., 2006) Asp151 of 

Mth0212 has been shown to be crucial for all nucleolytic activities. In analogy to homologous 

proteins, the D151N mutation has been assumed to result in the loss of metal ion binding 

ability. This expectation is in agreement with observations in the Mth0212(D151N) mutant 

structure 3G8V as outlined in the following. The crystal yielding the structure 3G8V was 

crystallized in the presence of MnCl2 with intent to allow the binding of Mn2+ ions which can 

be localized due to their anomalous signal. As a first estimate of this feature, calculations with 

SHELXC (Schneider & Sheldrick, 2002) were performed. According to the program, the 
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scaled diffraction data did not exhibit any anomalous signal. Since the absence of a significant 

signal could be due to the low redundancy of 3.2 an anomalous difference map was calculated 

and searched for a small peak caused by an only faint signal. The inspection by eye confirmed 

the absence of a manganese ion bound at any of the two metal coordination sites. These 

observations support the biochemical results mentioned above that this respective mutant 

(D151N of Mth0212 and equivalent mutations in other members of the ExoIII family) is not 

able to bind divalent metal ions which are implicated in the cleavage mechanism and 

therefore required for catalytic activity.  

In wild-type protein, the metal ion is tightly bound. In the structure 3FZI, the Mg2+ ion has 

been derived already from the expression medium and caught throughout the purification 

procedure. This might apply to other structures as well. The crystals used for the respective 

data collections were grown either from a magnesium supplemented complex (3G1K, 3G2C) 

or reservoir solution (3G91) or both (3G3Y, 3G3C, 3G4T) so that the Mg2+ ion could also 

have been bound only during complex formation or crystallization. As an example, the 

coordination of the Mg2+ ion in the Mth0212-dsDNA complex structure 3G4T is shown in 

Fig. II-9a. Analysis of the structure reveals that the metal ions is involved in an extended 

hydrogen bonding network and bridging between the active side residues as well as the free 

3`-hydroxyl group of the DNA backbone after incision by Mth0212. In the structure 3G4T, 

the terminal 3`-hydroxyl group is coordinated in the active site. This binding mode has been 

observed in most structures. In contrast, in the complexes 3G38, 3G0R and 3GA6 the 

phosphate moiety of the scissile phosphodiester bond is bound. In order to highlight these 

features, the respective nucleotides are represented in stick mode in Fig. II-10 regarding 3G38 

and 3G0R. In 3GA6, this binding mode can be visualized only with the help of the 

representation of symmetry equivalent molecules, thus confer Figs. 4a, 5a and 8 of the 

manuscript. A phosphate ion at the active site could be unambiguously localized in the high 

resolution apo structure 3G91 as well (Fig. II-9b). 

The structures 3G38 and 3G0R are represented in Fig. II-10 which also provides an overview 

of the additionally obtained Mth0212-DNA complex structures (similar to Fig. 1 of the 

manuscript but in an enlarged view). Fig. II-10 might benefit for the following detailed 

reports on several Mth0212-DNA complex structures which have been selected as 

supplemental to the summarized description in the manuscript.  
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(a)                                                                (b) 

Fig. II-9. Coordination of the Mg2+ and phosphate ions in the active site. (a) The Mth0212-DNA 
complex structure 3G4T. The metal ion is represented as a green sphere, while the phosphate anion 
is coloured by atom and shown in stick mode. The coordinating residues (labeled in the one letter 
code) are represented in stick mode as well as is the 3`-terminal nucleotide (AD7(I) = adenosine 7 of 
chain I) which is bound to both ions via its free hydroxyl group. Putative hydrogen bonding 
interactions are indicated as broken lines. (b) Mth0212 apo structure 3G91. The final 2F oFc  and FoFc 
electron density maps are contoured at a level of 1.5 σ and 3.5 σ and coloured in blue and                 
red (-) / green (+), respectively. Residues are shown as thick lines and labeled according to the one 
letter code. The magnesium ion and the phosphate atom are coloured in grey. 

 

3G3Y 

The structure 3G3Y represents Mth0212(WT) in complex with a four nucleotides long 

ssDNA. The DNA backbone is hold in a fixed position by hydrogen bonds with the side 

chains of Asn167, Ser207 and Arg215 of protein molecule B as well as with the guanidinium 

group of Arg209 of a symmetry equivalent molecule A`. Further hydrogen bonds are formed 

between the side chain of Arg209 and the deoxyribose oxygen atom O4` and the pyrimidine 

ring O2 atom of the 3`-terminal nucleotide, which additionally stacks with the side chain of 

Arg144 of a symmetry equivalent molecule A` and forms water-mediated hydrogen bonds 

with A` Asp101 and Asp103. An intermolecular π-stacking contact stabilizing crystal packing 

is also observed between the 5`-terminal nucleotide and the aromatic ring system of A` 

Tyr208.  

Due to these interactions, only the first two nucleotides form a base stack, whereas the third 

nucleotide, an adenosine, is flipped out - the base in close contact (3.6 Å) to Val 170 suitable 

for hydrophobic interactions. The 5`-terminal nucleotide is tilted due to the interactions with 

two protein molecules as described above.  
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(a)  
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(b)  
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(c)  

Fig. II-10. Overview of the Mth0212-DNA complex structures (enlarged view representing selected 
structures of Fig. 1 of the manuscript). (a) Mth0212(WT) in complex with ssDNA (upper row) and 
dsDNA (lower row), respectively. (b) Mth0212(D151N) in complex with dsDNA. (c) The two 
Mth0212(D151N)-dsDNA complexes of 3GA6 differing significantly in the DNA binding mode 
obtained from a single crystal. 

 

3G2C 

The structure 3G2C comprises two wild-type protein molecules but only a single four 

nucleotides long DNA strand as 3G3Y. At the first glance, the DNA conformation in 3G2C 

looks similar to that in 3G3Y with one central nucleotide flipped out of the base stack. The 

DNA sequence could derive from both strands of the palindromic dsDNA used and thus 

represents the product of either the dU endonuclease activity or an exonucleolytic degradation 

of the dU containing or the opposite strand. The DNA strands in the structures 3G2C and 
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3G3Y do not only differ in their sequence (CGTA and dUTAC, respectively), but also in their 

interactions with Mth0212. While Asn167, Ser207 and Arg215 and the same two π-stacking 

contacts again fix the DNA backbone and the terminal bases, respectively, further interactions 

with the backbone phosphates involve the side chains of Arg163, Arg209, which contacts the 

sugar moiety and base in 3G3Y, Thr210 and Trp219 as well as – mediated by water - the 

backbone carbonyl of Val217. Interactions occur also between the free 3`-OH group and the 

carbonyl oxygen of a symmetry equivalent molecule A` and the side chain of A` Lys116 

directly and mediated by a water molecule, respectively. In addition to the water-mediated 

hydrogen bonds between the side chains of A` Asp101 and Asp103 and the base of this        

3`-terminal nucleotide already described for 3G3Y, the side chain of A` Ser80 and the 

backbone carbonyl of A` Asp103 are involved in such contacts. The phosphate ion bound in 

the active site is located about 2.3 Å away from the Mg2+ ion. It is bound by the same side 

chains as the phosphate anion in the structure 3G38 and additionally by Asn114 and might 

either derive from the DNA or from the potassium phosphate buffer, in which the Mth0212-

DNA complex was formed. 

 

3G0R 

In the structure 3G0R, a flipped out cytosine close to one end of the DNA double helix results 

in a significant distortion of this DNA helical end. In contrast, the conformation of the last 

base pair at the DNA end bound to protein molecule B only slightly deviates from standard 

values. According to the distances, a water molecule rather than a magnesium ion is 

coordinated in the active site by the side chains of Glu38 and Asp247. The scissile backbone 

phosphate is bound in the active site of each of the two protein molecules in the asymmetric 

unit. 

 

3G00 

As in the structure 3G0R, the asymmetric unit of the complex structure 3G00 (Fig. II-11) 

contains two Mth0212(D151N) molecules but only one dsDNA molecule, which are arranged 

similarly to 3G0R. All nucleotides of the 9 bp palindromic blunt end dsDNA used are clearly 

defined in the electron density map (Fig. II-11). The conformational difference between 

molecules A and B of 3G00 concerning the (non-) flipped peptide bond Arg209-Thr210 

might be caused by the DNA binding interactions as follows. The ends of the DNA bound by 
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molecule A are significantly distorted, whereas the final nucleotides near molecule B only 

slightly deviate from ideal geometry.  

(a) (b)  

(c) (d)  

Fig. II-11. The 1.7 Å Mth0212-DNA complex structure 3G00. (a, b) Overview of the structure in two 
different orientations (rotated by almost 180°). For clarity, only one protein molecule of the 
asymmetric unit and the DNA duplex are represented in cartoon and atom-type-coloured stick mode, 
respectively. (c, d) Cation-π-stacking interaction between the side chain of Arg209 and the terminal 
base pair of the DNA duplex viewed approximately along the DNA helical axis (c) and rotated about 
90° (d). The 2FoFc electron density map in (d) is contoured at a level of 1.0 σ. 

 

3G2D 

The structure 3G2D comprises two Mth0212(D151N) molecules and two DNA duplices 

which both exhibit one blunt and one sticky end. The double stranded region is formed 

between the four bases 5` of dU and the respective Watson-Crick partners of the opposite 

strand. The dU containing strand further proceeds into the direction of its 3`-end and includes 

all nine nucleotides in the DNA molecule bound at protein molecule B, while the la st 
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nucleotide could not be placed in the DNA bound to the protein molecule A. An inorganic 

phosphate ion is bound at the non-phosphorylated 5`-end of the dU containing DNA strand at 

protein molecule A. It is involved in the formation of crystal contacts due to a water-mediated 

hydrogen bond with the side chain of Asp92 of a symmetry equivalent protein molecule A`. 

In addition to the polyethylene molecules bound at the active site in molecule B, a water 

molecule is visible as it is in molecule A. In contrast, the magnesium lacking complex 3G2D 

is also devoid of a phosphate group in the active site, although phosphate anions could be 

placed at other positions in the solvent model and the DNA reaches the active site, but instead 

of a phosphate the 3`-terminal hydroxyl group is bound (in both, protein molecules A and B).  

 

3G38 

In the complex structure 3G38, Arg209 is rather oriented into the direction opposite of the 

bound DNA and forms a hydrogen bond with Ser207 than stacking with the terminal base 

pair. The other blunt end of the DNA duplex is involved in stacking interactions, namely with 

the DNA molecules of the adjacent asymmetric unit resulting in pseudo-continuous helices of 

16 bp interrupted by breaks of about the same distance throughout the crystal. These 

interactions stabilize the crystal contacts significantly.  

 

3G3C 

The structure 3G3C represents the wild-type protein in complex with a 6 bp dsDNA 

containing a single one nucleotide long 3`-overhang. At the blunt end, the distance of 4.4 Å 

between the terminal base pair at one end of the DNA duplex and the guanidinium group of 

Arg209 which is oriented in parallel is too far for a stacking interaction.  

 

3GA6 

Almost all complex structures involve only part of the whole DNA binding area of Mth0212.  

On the contrary, in the structure 3GA6 additionally the second domain of Mth0212 forms 

contacts with DNA so that the whole protein-DNA interaction sphere could be analyzed          

(Fig. II-12). The structure has been obtained in almost the same crystallization condition as 

3G0R except for the use of DNA of distinct length and with varied 5`- and 3`-ends. In one 

DNA duplex, only the terminal nucleotide at the 3`- end of one strand could not be placed in 

the electron density, while the other DNA double helix lacks one base pair as well as a single 
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nucleotide at the 5`- end of one strand. In the longer DNA duplex, base pair 8 (counting 

started from the blunt end) as well as the last base pair before the overhang are slightly tilted 

and do not form classical Watson-Crick base pairs anymore. The dU endonuclease activity of 

Mth0212 turned out to be inhibited in the conditions of about 200-250 mM salt yielding the 

first Mth0212-DNA complex structures such as 3GA6 (Fig. II-13; unpublished data, Elena 

Ciirdaeva, laboratory of Prof. Fritz). Thus, for subsequent crystallization experiments, 

Mth0212 was dissolved in activity assay buffer, and specifically prepared low salt reservoir 

solutions were used. Nevertheless, Mth0212 was bound to the DNA ends in all yielded 

complex structures. Obviously, the exo-complex is thermodynamically more stable and tends 

more to form crystals – at least under the about 1000 tested conditions.  

(a) (b)  

Fig. II-12. Mth0212-DNA complex 3GA6. (a) Protein molecule A coloured according to the 
electrostatic surface potential (calculated with DELPHI). The bound DNA helices (one duplex as 
included in the PDB entry and one duplex of a symmetry equivalent complex) are represented in stick 
mode and coloured by atom. For orientation, the magnesium ion bound in the superimposed 
Mth0212 apo structure 3G91 is shown as a green sphere. The side chain of Arg209 enters from the 
right side. (b) Ape1-DNA complex structure 1DE9 represented accordingly. 
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(a)        (b)  

Fig. II-13. Assay of the dU endonuclease activity of Mth0212 under conditions used for protein-DNA 
complex formation (a) and similar to the final crystallization solution of the Mth0212-DNA complex 
structure 3GA6 (b), respectively. The represented results were kindly provided by Elena Ciirdaeva. In 
principle, the assay was performed as described in Georg et al., 2006. The substrate used is shown 
schematically on top of the readouts. Different central X/Y base pairs were tested as denoted for 
each experiment on the left side. The numbers on the right indicate the incubation time in minutes. 

 

In most of the Mth0212-DNA complex structures, the residues of the DNA contribute 

significantly to crystal contact formation. Two examples are shown in Fig. II-14. In the 

structure 3G38, the terminal base pairs of the duplices bound by each of the two protein 

molecules in the asymmetric unit form stacking interactions between both base pairs. In 

contrast, in the Mth0212-ssDNA complex structure 3G3Y, stacking interactions are observed 

with the terminal base at each end and an arginine and a tyrosine side chain of two different 

symmetry equivalent protein molecules. Such crystal contacts have to be kept in mind during 

the discussion about DNA distortion since effects of the DNA conformation by crystal 
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packing and binding to the repair enzyme cannot be distinguished unambiguously. This in 

particular applies to the nucleotides involved in a crystal contact itself and the residues 

nearby. In contrast, in regions further away from such interactions their effect can be assumed 

often to be negligible.  

 

Fig. II-14. Crystal contacts involving DNA in cartoon representation. For orientation, the side chains of 
Asp151 which has been varied in mutational studies as well as of the inserting Arg209 are highlighted 
as red sticks. Residues involved in stacking interactions are represented in stick mode. 

 

 

Comparison of Mth0212 with other members of the ExoIII family 

As discussed in the manuscript the major differences between the structures of Mth0212 and 

its human homolog Ape1 occur in the DNA binding loops. A detailed analysis of the 

conservation on the amino acid sequence level which has been omitted from the manuscript is 

given in the following, the numbering corresponds to Mth0212. In general, the amino acid 

sequence is well conserved among the homologs (Fig. II-15). When comparing Figs. II-12a 
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and II-12b, the loops vary significantly in their charge which is representative for the whole 

nuclease domain that contains 39 arginine and lysine residues in Mth0212, whereas Ape1 and 

ExoIII comprise only 33 and 34 positively charged residues, respectively (Pfeifer et al., 

2005). In contrast to Ape1, in Mth0212 the α-helix adjacent to the DNA binding loop II does 

not start before the non-DNA-contacting Ser118.  

 

Fig. II-15. Amino acid sequence alignment of Mth0212 and its homologs with ClustalW (v. 2.04) and 
T-COFFEE CORE (v. 7.71). The letter/number codes of type XXXX_YY specify the respective source 
organism abbreviated with YY as follows and the PDB code XXXX of one appropriate crystal structure: 
Nm = Neisseria meningitides, Af = Archaeoglobus fulgidus, Ec = Escherichia coli,                                          
Mt = Methanothermobacter thermoautotrophicus, Hs = Homo sapiens, Dr = Danio reo,                               
Lm = Leishmania major, Bt = Bos taurus. 

 

In Loop I, only one of six common residues (Arg121) and additionally the first residue of 

loop I in Mth0212 (Asn114) are conserved, whereas three out of eleven amino acids are 
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shared in loop III, namely Trp206, Tyr208 and Arg213. Some substitutions are functionally 

conservative, e.g. both Ser207 and the equivalent Thr268 of Ape1 provide a hydroxyl group 

for potential hydrogen bond formation. With three equal residues out of six the degree of 

conservation is significantly higher in loop II (Pro164, Lys165, Asn166). At the beginning of 

this loop, Arg163 of Mth0212 contacting a DNA backbone phosphate is replaced by an 

asparagine in Ape1 (Asn222). The Nδ atom of Asn222 is suitable for such interactions as well 

(1DE9, 1DEW, but not 1DE8) (Mol et al., 2000). Loop II belongs to the protein area which 

only participates in DNA binding in 3GA6. 

 

The five sequence motives characteristic of AP endonucleases (Kaneda et al., 2006) shortly 

mentioned in the manuscript are also found in Mth0212 and resemble that of its homologs 

significantly. Thr204 of Mth0212 for example which stabilizes the Lewis acid Asp222 fits 

well with the equivalent residues Thr265 of Ape1 and Ser211 of ExoIII.  

However, a more detailed comparison in concert with the Mth0212-DNA interactions 

observed in the crystal structures revealed especially one striking sequence context in              

motif III, namely Trp-Trp-Ser-Arg-Tyr 205-209. It is conserved only in some bacteria such as 

M. thermoautotrophicus, Methanosarcina mazei and Bacillus subtilis. The ExoIII homolog of 

the latter (ExoA) has been searched for a dU endonuclease activity with negative outcome 

(laboratory of Prof. Dr. Fritz, unpublished data). Therefore, the motif alone cannot be 

sufficient to extend the endonuclease substrate specificity to dU. The equivalent of the 

included Trp205 has been shown to be important for the recognition of an abasic site by its 

insertion into the AP site pocket (Kaneda et al., 2006), and Arg209 intercalates into the DNA 

base stack or forms cation-π-stacking interactions with the terminal DNA base (pair) in the 

majority of the Mth0212-DNA complexes. 

 

For efficient binding of an AP-DNA substrate, Ape1 requires at least four base pairs on the 

5`- and three base pairs on the 3` side of the abasic lesion (Wilson et al., 1995). This length 

and the binding position of the DNA duplex are also in good agreement with the Mth0212-

DNA interactions observed in the complexes, in particular in the structure 3GA6 (Fig. II-12). 

A superposition of the abasic DNA contained in Ape1-DNA complex structures with the 

DNA bound in 3GA6 shows that an abasic site fits well in the substrate binding pocket of 

Mth0212 (Fig. II-16). In pure DNA, abasic deoxyribose moieties with β-conformation have 
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been shown by NMR studies (Goljer et al., 1995) to remain intra-helical, while the α-

conformer of AP sites flipped out of the base stack as in the Ape1-DNA complex.  

 

      

(a)                                                    (b) 

Fig. II-16. Intercalation of the side chain of Arg209. (a) Electron density map of the Mth0212-DNA 
complex structure 3GA6. The map is contoured at the 1.0 σ level. DNA and some contacting protein 
residues are represented in stick mode in blue and green, respectively. Arg209 which inserts 
between the two duplices shown above and below the guanidinium group is highlighted in red.                 
(b) Model of an abasic site in the substrate binding pocket of Mth0212. Some residues of the 
represented AP site containing DNA are shown after superposition of the DNA strands comprised in 
the Ape1-DNA structure 1DE9 onto the DNA bound in 3GA6. They are represented as sticks and 
coloured by atom with carbon atoms in grey and cyan for general nucleotides and the abasic lesion, 
respectively. The magnesium ion in the active site is indicated as a purple sphere. The surface of 
Mth0212 is coloured according to the electrostatic surface potential (negative charges in red, 
positive charges in blue). The intercalating residues Met117 and Arg209 of Mth0212 are represented 
as sticks and coloured by atom with carbon atoms in yellow). Oxygen, nitrogen and sulfur atoms are 
coloured in red, blue and yellow, respectively. 

 

With regard to the ubiquitous dU repair enzymes, Mth0212 is completely unrelated to both 

structurally defined superfamilies of UDGs known so far on the sequence and structural level. 

The superfamilies consist of a single family and of four UDG families, respectively (1.: Ung 

homologs such as human UDG (Mol et al., 1995), human nuclear UNG2 (Krosky et al., 2006) 

and UDG from E. coli (Putnam et al., 1999); 2.: thymine DNA glycosylase (TDG) / 

mismatch-specific UDG (MUG) family such as MUG (Moe et al., 2006), single-strand-

selective monofunctional UDGs such as SMUG1 (Wibley et al., 2003), TthUDG from 

Thermus thermophilus (Hoseki et al., 2003) and TtUDGB (Kosaka et al., 2007).  
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Mutational studies 

Commonly, the Nε atom of Lys116 forms a hydrogen bond either to a free 5`-OH group of a 

terminal nucleotide (molecule A in 3GA6), water-mediated contacts to atoms of a DNA base 

(3G0R) or direct or water-mediated hydrogen bonds to other protein atoms (3G00, 3G3Y) or 

solvent molecules (3G2D) or is not fixed (3G4T, 3G38). In contrast, an interaction with the 

phosphate group in the active site similar to that of Arg177 is observed in molecule A of the 

complex 3G3C, in which the side chain of Lys116 delivers a water-mediated hydrogen bond 

to a phosphate anion coordinated in the active site and enters the DNA from the major groove 

at about the same level as Arg209 but - due to the absence of an extended helix - without 

insertion. The recognition of dU could also occur inside the DNA helix, and based on its 

localization the side chain of Lys116 is a potential determinant of the substrate specificity.  

Preliminary mutational studies intended to validate such a scenario indeed indicated that in 

the mutant Lys116Ala the dU and AP endonuclease activities of Mth0212 were decreased to a 

higher extent than the 3`-5` exonuclease activities. Thus, this mutant was used for 

crystallization experiments as well. However, in subsequent biochemical experiments, the 

gradual decrease in nucleolytic activities could not be confirmed. 

 

Comparison of Mth0212 with the ExoIII homolog Mm3148 from Methanosarcina mazei 

Recently, in addition to Mth0212, its homolog Mm3148 from the mesophilic archaeon 

Methanosarcina mazei has been found to exhibit a very slight dU endonuclease function as 

well, although this activity increases to significant, detectable levels only upon the mutation 

of two residues (unpublished data, Swetlana Ber, laboratory of Prof. Fritz). Therefore, this 

enzyme has been analyzed by means of X-ray crystallography. The apo structure of Mm3148 

has been determined to a resolution of 1.4 Å with R factors of Rwork = 14.6 % and               

Rfree = 18.1 %. It is represented in Fig. II-17 in superposition with the Mth0212 apo structure 

3G91. The r.m.s. deviations between Mth0212 (3G91) and Mm3148 amount to only 0.8 Å for 

245 aligned residues. The catalytically essential residues fit well, only the position of the 

coordinated magnesium ion differs slightly. This deviation might be due to the absence of a 

phosphate in the active site of Mm3148, while in the Mth0212 structure 3G91 a phosphate 

anion is bound (Fig. II-17b).  
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Fig. II-17. Superposition of Mth0212 (3G91) and its homolog Mm3148. (a) Overall structure in 
cartoon representation. 3G91 is coloured in grey, Mm3148 (rationally designed double mutant) in 
blue with the catalytically essential residues shown as sticks and coloured by atom (enclosed in the 
orange box, enlarged view in (b), carbon atoms highlighted in yellow, Mg2+ as black sphere). (b) Close 
up of the active site with the catalytically essential residues of Mth0212 (residue numbers on the left 
side) and the equivalent amino acids of Mm3148 (residue numbers on the right side) represented in 
stick mode. The phosphate anion bound in the active site is shown in stick mode and coloured in grey 
and red, while the magnesium ion of the structures of Mth0212 and Mm3148 is shown as black and 
orange sphere, respectively. The contact formed between the metal ion and Glu39 of Mm3148 is 
indicated by broken lines.  

 

Due to the still ongoing mutational studies in the laboratory of Prof. Fritz, the structure has 

not been deposited in the PDB yet and the structural analysis of Mm3148 is not described and 

discussed in detail here but will follow in a currently prepared manuscript.  

 

The supplementary data showed that despite of a considerable similarity of all Mth0212-DNA 

complexes with regard to the overall structure, the complexes exhibit significant differences 

in the respective DNA binding mode and the allocation of the active site.  

 

The DNA repair enzyme Mth0212 has been shown to comprise the catalytic hallmarks of the 

ExoIII family of nucleases such as an 3`-5` exonuclease and an AP endonuclease activity and 

additionally to serve as a 2`-deoxyuridine endonuclease. In contrast to reports by Pfeifer and 
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co-workers (Pfeifer et al., 2005), no unspecific incisions in undamaged DNA were observed 

in more recent studies at low ionic strength (Georg et al., 2006; Schomacher et al., 2009).  

This work describes structures of Mth0212 in its apo form and in complex with DNA. 

Although the target dU residue could not be depicted in the active site, the Mth0212-DNA 

structures shed light onto the dU recognition. Additionally, the coordination of catalytically 

essential divalent metal ions and the exonucleolytic binding mode could be visualized.  

In the following, data presented in the manuscript and in particular results described in the 

supplemental will be discussed in more detail.  

 

An approach to the structural analysis of Mth012 has already been made based on a 3D-model 

predicted with SWISS-Model (Pfeifer et al., 2005). The suggested formation of a disulfide 

bridge does not seem to occur. A connection between Cys35 and Cys149 which are putatively 

involved in the formation of an S-S bridge (corresponding to Cys93 and Cys208 in Ape1) 

could not be expected in the structures due to the use of E. coli BL21-CodonPlus(DE3)-RIL 

cells for protein expression. The positions of these cysteines relative to each other provide 

hints for the absence of a disulfide bridge even under suitable conditions. The respective side 

chains do not face each other in the central β-sheets, but the sulfur atoms point in opposite 

directions with a distance of about 3.6 Å (3G91). The occurrence as sulfhydryl groups could 

not be explained by the addition of DTT to the crystallization drop, since the used amount of 

DTT does not result in reduced conditions due to its instability at room temperature. 

Moreover, ExoIII from E. coli lacks the two cysteines already suggesting that the disulfide 

bridge found in Ape1 is not essential for the catalytic hallmarks of the ExoIII family. Since M. 

thermoautotrophicus lives under anaerobic conditions even the existence of a disulfide bond 

in the crystal structure probably would not play any important physiological role.  

 

When comparing the various Mth0212-DNA complex structures the used type of DNA ends 

rather than the nucleotide sequence seems to play an important role for the formed complex 

and the obtained structure. Using AT-rich sequences did not result in complexes different 

from that obtained with GC-rich sequences. Several complexes have been crystallized in 

different space groups. The relative orientation of the protein and DNA molecules in the 

crystallization process could not be predicted.  
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For example, the same DNA sequence as for 3GA6 except for a 2 nt long 3`-overhang at one 

helical end was used for the structure 3G0R. The overhang was assumed to prevent 

exonucleolytic binding of Mth0212 to the nucleic acid. Crystallization in the same crystal 

form as in 3GA6 seemed unlikely since for 3GA6 the crystal packing seemed to be 

significantly stabilized by the pseudo-continuous DNA / Arg209 stacking interactions. These 

contacts should not be feasible anymore with the modified DNA duplex. The three 

nucleotides of the 13-mer missing in the structure appear to have been degraded since the 

final nucleotide of the respective strand is bound by Mth0212 with its 3`-hydroxyl group 

ruling out flexibility of the missing nucleotides.  

 

 

Removal of 2`-deoxyuridine from single-stranded DNA 

The removal of dU from single-stranded (ss) DNA usually is catalyzed by thymine DNA 

glycosylases (TDGs), SMUG1 or the methyl-CpG-binding protein 4 (Neddermann et al., 

1996; Haushalter et al., 1999; Hendrich et al., 1998). In the genome of                                            

M. thermoautotrophicus, no homologous sequence has been detected. In combination with the 

double-strand (ds) specificity of Mth0212, the repair of dU residues in ssDNA thus still 

remains unknown. The ability of Ape1 to excise AP sites also from ssDNA even if with a 

significantly lower efficiency compared to dsDNA (Marenstein et al., 2004) had been 

unidentified for a long time despite of extensive biochemical studies. Likewise, although not 

revealed so far, under special conditions, Mth0212 might also be capable to remove dU 

residues from ssDNA.  
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12.   CONCLUSION AND FUTURE PERSPECTIVES 

Recently, the general statement that any uracil base in DNA is removed by UDG had to be 

partly corrected. At least in M. thermoautotrophicus an alternative strategy has evolved. The 

enzyme Mth0212 substitutes for the lacking UDG. The respective dU endonuclease function 

responsible for the essential removal of 2`-deoxyuridine from dsDNA is combined with an 

AP endonuclease and a 3`-5` exonuclease activity. In order to understand how the different 

nucleolytic activities of Mth0212 can be accomplished in a single active site and to get a 

deeper insight into the recognition of dU, structural characterization of Mth0212 was crucial.  

  

The crystallographic analysis of Mth0212 in its apo form and in complex with different types 

of DNA representing substrates and products has been performed in the scope of this PhD 

work. The results shed light onto the mode of DNA binding in the active site. Five crystal 

structures of Mth0212 alone as well as nine structures in complex with different DNA 

substrates and products were determined to a resolution between 1.2 and 3.1 Å using wild-

type or mutant proteins (K116A and D151N). Mth0212-DNA contacts across the whole 

interaction surface of the enzyme were revealed.  

Based on detailed comparison of these structures amongst each other and with other ExoIII 

homologs a putative recognition mechanism for the unique dU endonuclease activity could be 

proposed. The observation of characteristic protein-DNA interactions such as an insertion of 

the arginine side chain 209 into the helical base stack provided the rationale for subsequent 

mutational studies (unpublished data, Elena Ciirdaeva and Swetlana Ber, laboratory of Prof. 

Fritz, University of Göttingen). The obtained results in activity assays confirm the structure-

based expectations as follows. The side chain of arginine 209 seems not to be required for the 

3`-5` exonuclease activity but to be crucial for the dU endonuclease function which is a 

unique feature of Mth0212. Thus, despite numerous previously performed mutational studies 

the Arg209Ala variant which was created based on the structural analysis of Mth0212-DNA 

complexes is the first mutant lacking singularly the dU endonuclease activity. Mutational 

studies regarding additional residues that are assumed to play an important role during the dU 

recognition mechanism such as Lys125 have to be carried out in order to further elucidate this 

unique substrate specificity of Mth0212.  
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APPENDIX 1: ABBREVIATIONS 

General abbreviaitons: 

aa amino acids 

Å Ångström [1 Å = 10+10 m] 

AP  apurinic / apyrimidinic (abasic) 

BESSY Berlin`s electron synchroton 

B factor temperature factor [Å2] (crystallography) 

bp base pairs 

C-terminal carboxy-terminal 

Da Dalton [1 Da = 1 g/mol] 

DESY Deutsches Elektronensynchroton (German electron synchrotron)  

DNA deoxyribonucleic acid 

Ds double-stranded 

DTT dithiothreitol 

dU 2`-deoxyuridine 

EDTA N, N, N´, N´ ethylene-diamine-tetraactetate 

et al. et altera (lat.: und andere) 

Fc, Fo calculated structure factor, observed structure factor (crystallography)  

FFT Fast Fourier Transform 

HEPES N-(2-hydroxyethyl)-piperazin-N`-2-ethansulfonat 

HPLC High Performance Liquid Chromatography 

 wavelength [Å]  

M molar 

MR Molecular Replacement (crystallography) 

MW molecular weight [g/mol] 
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NCBI National Center for Biotechnology Information 

Nt nucleotide(s) 

N-terminal amino-terminal 

PDB (-ID) Protein Database (identity code) 

φ phi 

Φ (u,v,w) Patterson function (crystallography) 

ψ pseudouridine 

R factor indicator of the quality of X-ray diffraction data and structures, 
respectively, ranging from 0 to 1 (lower values reflect better quality)  

Ranom anomalous R factor 

Rp.i.m. precision indicating merging R factor  

r.m.s.d. root mean square deviation 

SDS-PAGE sodium dodecylsulphate polyacrylamide gel electrophoresis  

ss single-stranded 

S-SAD sulfur single anomalous dispersion 

Tris/HCl tris(hydroxymethyl)-aminomethane-hydro chloride 

v/v volume per volume [%] 

w/v weight per volume [%] 

 

 

Abbreviations of enzyme names and organisms: 

Please confer tables 2 and S1 of the submitted manuscript (Part I: 66.3 kDa protein, pp. 

67/68) as well as tables 1 and S1 of the manuscript in preparation (Part II: Mth0212, pp. 

149/179), respectively.  

 

210



Appendix 1:   Abbreviations  

 

 

 

One- and three-letter codes of amino acid residues: 

 

 

Abbreviation of DNA residues: 

abbreviation base nucleoside 

A adenine 2`-deoxyadenosine 

C cytosine 2`-deoxycytidine 

G guanine 2`-deoxyguanosine 

T thymine 2`-deoxythymidine 

U uracil 2`-deoxyuridine 
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Summary of the structures deposited in the PDB  
PDB-
ID 66.3 kDa protein (Part I) residues 

(chain) 
Ser248 – 
 Cys249 * 

3FBX Crystal structure of the lysosomal 66.3 kDa 
protein from mouse solved by S-SAD 

 V63-T238 (A) 
C249-P592 (B) 

- 

3FGR Two chain form of the 66.3 kDa protein at 
1.8 Angstroem 

 V63-T238 (A) 
G245-S248 (A) 
C249-P592 (B) 

- 

3FGT Two chain form of the 66.3 kDa protein from 
mouse lacking the linker peptide 

 P60-N239 (A)   
C249-P592 (A) 

- 

3FGW One chain form of the 66.3 kDa protein  V63-N239 (A)   
G245-P592 (A) 

+ 

* I) Ser248 - Cys249: connectivity of the electron density between Ser248 and Cys249  
      (putative autoproteolytic cleavage site for enzyme activation). 
 

* II) Ligands: molecules and ions bound in the active site (for complex structures with 
two protein molecules in the asu: ligands coordinated in either of the two active sites of 
the asu). PG4 = tetraethylene glycol, 3`-OH = free terminal 3`-hydroxyl group of the 
DNA, 3`-P = terminal phosphate moiety at the 3`-end of DNA, scP = scissile 
phosphodiester bond of the DNA, glyc = glycerol. 

PDB-
ID Mth0212  (Part II) Mth 

0212 
DNA 

 

ligands * 

3FZI 1.9 Angstrom structure of the thermophilic 
exonuclease III homologue Mth0212 

WT - Mg2+ 

3G1K Mth0212 (WT) crystallized in a monoclinic 
space group 

WT - Mg2+ 

3G8V The rationally designed catalytically 
inactive mutant Mth0212(D151N) 

D151N - - 

3G91 1.2 Angstrom structure of the exonuclease III 
homologue Mth0212 

K116A - Mg2+ 
PO43- 

3G0A Mth0212 with two bound manganese ions WT - Mn2+ (2) 
3G2C Mth0212 in complex with a short ssDNA (CGTA) WT ss Mg2+, PO43- 
3G3Y Mth0212 in complex with ssDNA in space group 

P32 
WT ss Mg2+ 

3G2D Complex of Mth0212 and a 4 bp dsDNA with 3`-
overhang 

D151N ds PG4 
3`-OH 

3G3C Mth0212 (WT) in complex with a 6bp dsDNA 
containing a single one nucleotide long 3`-
overhang 

WT ds Mg2+, PO43- 
3`-OH 

3G4T Mth0212 (WT) in complex with a 7bp dsDNA WT ds Mg2+, PO43- 
3`-OH 

3G38 The catalytically inactive mutant Mth0212 
(D151N) in complex with an 8 bp dsDNA 

D151N ds 3`-P 

3G0R Complex of Mth0212 and an 8bp dsDNA with 
distorted ends 

D151N ds scP 

3G00 Mth0212 in complex with a 9bp blunt end dsDNA 
at 1.7 Angstrom 

D151N ds PO43- 

3`-OH  

3GA6 Mth0212 in complex with two DNA helices D151N ds 3`-P, scP 
glyc 
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