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Zusammenfassung 

Pilze sind von einer dicken Schicht aus Kohlenhydraten und Proteinen umgeben, die für die 
Lebensfähigkeit der Zelle essentiell ist ς der pilzlichen Zellwand. Proteine sind auf 
unterschiedliche Arten in dieses Organell integriert: einige sind kovalent an den 
Kohlenhydratanteil der Zellwand gebunden, entweder über Glycosylphosphatidylinositol 
(GPI)-Anker oder alkaliempfindliche Bindungen, andere indirekt über Disulfidbindungen. 
Zellwandproteine sind an unterschiedlichen zellulären Funktionen beteiligt, wie der 
Zellwandbiosynthese, der Adhäsion an Oberflächen oder der Sensorik. 
Im ersten Teil dieser Arbeit wurden die GPI-verankerten Proteine des thermophilen 
Modellorganismus Chaetomium thermophilum identifiziert. Zunächst wurde eine Vorhersage 
der an Zellwand und Plasmamembran befindlichen GPI-Proteine durchgeführt. Die 
Vorhersage wurde durch den massenspektrometrischen Nachweis der GPI-verankerten 
Zellwandproteine in isolierten Zellwänden ergänzt. Die detektierten Proteine wurden 
hinsichtlich ihrer Funktionen und mutmaßlichen Rollen analysiert. Interessante Targets für 
pharmazeutische Anwendungen und Grundlagenforschung konnten ermittelt werden, u. a. 
Gel1/2, Kre9/Knh1 und Ecm33. Zusätzlich wurde die Ultrastruktur der Zellwand von 
C. thermophilum mittels Transmissionselektronenmikroskopie analysiert, wobei kurze 
Mikrofibrillen in der äußeren Zellwandschicht und Ähnlichkeit zu der Zellwand von 
S. cerevisiae festgestellt werden konnten. 
Die Arbeit behandelt im zweiten Teil die Analyse der A-Domänen der Candida glabrata 
Adhäsine Awp1 und Awp3, die Mitglieder des Adhäsinclusters VI sind. Obwohl diesem 
humanpathogenen Pilz bestimmte Virulenzfaktoren - z. B. zur Hyphenbildung - fehlen, werden 
C. glabrata Infektionen häufig beobachtet, wobei sein großes Repertoire an Adhäsinen einer 
der wesentlichen Gründe sein sollte. !ǿǇм! ǳƴŘ !ǿǇо! ōŜǎǘŜƘŜƴ ōŜƛŘŜ ŀǳǎ ŜƛƴŜǊ ʲ-Helix-
5ƻƳŅƴŜ ǳƴŘ ŜƛƴŜǊ ʰ-Kristallin-Domäne. Sie ähneln strukturell kohlenhydratbindenden 
Proteinen, z. B. Polysaccharid-Lyasen. Allerdings konnte keine Bindung von Kohlenhydraten 
an Awp1-Typ Adhäsinen nachgewiesen werden. Ein Sequenzähnlichkeitsnetzwerk leitet eine 
hohe Ähnlichkeit zu den Adhäsinen Awp2 und Awp4 des Adhäsinclusters V ab und 
untermauert damit frühere Klassifizierungen. Die Strukturen von Awp1 und Awp3 geben erste 
Einblicke in neue Typen von Adhäsinen in C. glabrata, zu denen Adhäsine der Cluster V und VI 
gehören. 
Weiterhin wurde der G-Protein-gekoppelte Rezeptor Pth11 aus C. thermophilum analysiert. Er 
enthält eine N-terminale CFEM-Domäne - diese Domäne kommt ausschließlich in 
Pilzzellwand- und Plasmamembranproteinen vor -, die als Ligandenbindungsstelle 
vorhergesagt wurde. Die CFEM-Domäne von CttǘƘмм ōŜǎǘŜƘǘ ŀǳǎ ŦǸƴŦ ʰ-Helices und weist 
zwei potenzielle Bindungsstellen auf, die durch F48 geteilt werden. Bestimmte Orientierungen 
des Aminosäurerestes F48 ermöglichen die Bildung eines Tunnels durch die Domäne. Ein 
Modell der CtPth11-CFEM-Domäne und der Transmembranregion - basierend auf der 
Vorhersage benachbarter Reste mittels Sequenzkovarianzanalyse - zeigt, dass beide 
potenziellen Bindungsstellen zugänglich sind. In einem Fragment-Screen wurden vier 
Fragmente an der gleichen Bindestelle gebunden; drei davon konnten in die jeweiligen 
Elektronendichten modelliert werden. Diese hydrophoben Fragmente sind in der 
hydrophoben Bindestelle platziert und weisen nur wenige zusätzliche Interaktionen auf, was 
zu der Hypothese passt, dass Pth11 hydrophobe Charakteristika auf der Pflanzenoberfläche 
wahrnimmt. 
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Summary 

Fungi are surrounded by a thick layer of carbohydrates and proteins, which is essential for the 

ŎŜƭƭΩǎ Ǿƛŀōƛƭƛǘȅ ς the fungal cell wall. Proteins are incorporated into this organelle in different 

ways: some are covalently linked to the carbohydrate moiety of the cell wall via 

Glycosylphosphatidylinositol (GPI)-anchors or alkali-sensitive linkages, others are indirectly 

attached to the cell wall via disulfide bonds. Cell wall proteins are involved in various cellular 

functions, such as cell wall biosynthesis, adhesion to external surfaces, or sensing. 

The GPI-anchored cell wall proteome of the thermophilic model organism Chaetomium 

thermophilum was identified in the first part of this thesis. First, a prediction of GPI-proteins, 

anchored to the cell wall and the plasma membrane was done. The prediction was then 

complemented by mass-spectrometric identification of GPI-anchored cell wall proteins in 

isolated cell walls. The detected proteins were then analyzed concerning their functions and 

putative roles and interesting targets for pharmaceutical applications and fundamental 

research were established, including Gel1/2, Kre9/Knh1, and Ecm33. In addition, the 

ultrastructure of the C. thermophilum cell wall was analyzed via transmission electron 

microscopy, revealing short microfibrils in its outer layer and its similarity to the cell wall of S. 

cerevisiae. 
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ǊŜǎƛŘǳŜǎ Ǿƛŀ ǎŜǉǳŜƴŎŜ ŎƻǾŀǊƛŀǘƛƻƴ ŀƴŀƭȅǎƛǎ ς ǎƘƻǿǎ ǘƘŀǘ ōƻǘƘ ǇƻǘŜƴǘƛŀƭ ōƛƴŘƛƴƎ ǎƛǘŜǎ ŀǊŜ 

ŀŎŎŜǎǎƛōƭŜΦ Lƴ ŀ ŦǊŀƎƳŜƴǘ ǎŎǊŜŜƴΣ ŦƻǳǊ ŦǊŀƎƳŜƴǘǎ ǿŜǊŜ ōƻǳƴŘ ƛƴ ǘƘŜ ǎŀƳŜ ŎŀǾƛǘȅΤ ǘƘǊŜŜ ƻŦ ǘƘŜƳ 

ŎƻǳƭŘ ōŜ ŦƛǘǘŜŘ ƛƴǘƻ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘƛŜǎΦ ¢ƘŜǎŜ ƘȅŘǊƻǇƘƻōƛŎ ŦǊŀƎƳŜƴǘǎ ŀǊŜ 

ǇƭŀŎŜŘ ƛƴ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ŎŀǾƛǘȅΣ ǿƛǘƘ ƻƴƭȅ ŦŜǿ ŀŘŘƛǘƛƻƴŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǿƘƛŎƘ ƛǎ ƛƴ ŀŎŎƻǊŘŀƴŎŜ 

ǿƛǘƘ ǘƘŜ ǇǊƻǇƻǎŀƭ ǘƘŀǘ tǘƘмм ǎŜƴǎŜǎ ƘȅŘǊƻǇƘƻōƛŎ ŎǳŜǎ ƻƴ ǘƘŜ Ǉƭŀƴǘ ǎǳǊŦŀŎŜΦ 



   

VIII 
 

  



   

IX 
 

Table of Contents 
 

EIDESSTATTLICHE ERKLÄRUNG ............................................................................................................................ I 

VERLAUF DES WISSENSCHAFTLICHEN WERDEGANGS ....................................................................................... III 

ZUSAMMENFASSUNG ........................................................................................................................................ V 

SUMMARY ........................................................................................................................................................ VII 

1. INTRODUCTION .............................................................................................................................................. 1 

1. 1. THE FUNGAL CELL WALL ................................................................................................................................ 1 
1. 1. 1. Structure of the Fungal Cell Wall ..................................................................................................... 1 
1. 1. 2. Incorporation of proteins into the fungal cell wall ........................................................................... 2 

1. 2. CHAETOMIUM THERMOPHILUM ς A THERMOPHILIC MODEL ORGANISM FOR BIOCHEMICAL STUDIES .................................. 4 
1. 3. ADHESINS IN C. GLABRATA ς IMPORTANT CONTRIBUTORS TO THE VIRULENCE OF A YEAST-LIKE FUNGUS ............................. 4 
1. 4. PROTEINS WITH A CFEM DOMAIN ................................................................................................................... 7 
1. 5. OBJECTIVES OF THE THESIS .............................................................................................................................. 9 

2. MATERIALS ................................................................................................................................................... 11 

2. 1. CHEMICALS ............................................................................................................................................... 11 
2. 2. EQUIPMENT .............................................................................................................................................. 13 
2. 3. COMMERCIAL KITS, ENZYMES, AND CONSUMABLES ............................................................................................. 14 
2. 4. OLIGONUCLEOTIDES, VECTORS, AND DNA ....................................................................................................... 15 

2. 4. 1. List of oligonucleotides used for gene amplification ...................................................................... 15 
2. 4. 2. pET-28a(+) .................................................................................................................................... 16 
2. 4. 3. pET-vectors designed for Ligation Independent Cloning (LIC) ......................................................... 18 
2. 4. 5. Plasmids used in this work ............................................................................................................. 18 

2. 5. ORGANISMS .............................................................................................................................................. 20 
2. 5. 1. Escherichia coli DH5 h.................................................................................................................... 20 
2. 5. 2. Escherichia coli BL21 (DE3) Gold .................................................................................................... 20 
2. 5. 3. Escherichia coli SHuffle T7 Express................................................................................................. 20 
2. 5. 4. Chaetomium thermophilum DMSZ No.: 1495 ................................................................................ 20 

2. 6. SOFTWARE AND ALGORITHMS ....................................................................................................................... 21 

3. METHODS ..................................................................................................................................................... 22 

3. 1. BIOINFORMATICS METHODS .......................................................................................................................... 22 
3. 1. 1. Prediction of GPI-anchored proteins in C. thermophilum ............................................................... 22 

3. 2. CELL WALL EXTRACTION AND ANALYSIS ............................................................................................................ 23 
3. 2. 1. Cultivation of C. thermophilum ...................................................................................................... 23 
3. 2. 2. Cell wall isolation .......................................................................................................................... 24 
3. 2. 3. Mass-spectrometric analysis of isolated cell walls ......................................................................... 25 
3. 2. 4. Imaging of C. thermophilum cell walls via Transmission Electron Microscopy (TEM)...................... 26 

3. 3. MOLECULAR BIOLOGY METHODS ................................................................................................................... 27 
3. 3. 1. Polymerase Chain Reaction (PCR) .................................................................................................. 27 
3. 3. 2. Agarose gel electrophoresis........................................................................................................... 27 
3. 3. 3. PCR purification and gel extraction................................................................................................ 28 
3. 3. 4. DNA-modification: digestion and ligation ...................................................................................... 28 
3. 3. 5. Preparation of competent cells and plasmid transformation ......................................................... 29 
3. 3. 6. Plasmid preparation ...................................................................................................................... 30 
3. 3. 7. Site-directed mutagenesis (SDM) ................................................................................................... 31 
3. 3. 8. Ligation-Independent Cloning (LIC) ................................................................................................ 32 

3. 4. PROTEIN BIOCHEMISTRY ............................................................................................................................... 34 
3. 4. 1. Analytical overproduction of proteins and cell lysis........................................................................ 34 



   

X 
 

3. 4. 2. Preparative overexpression of proteins.......................................................................................... 35 
3. 4. 3. Cell lysis......................................................................................................................................... 35 
3. 4. 4. Protein purification ....................................................................................................................... 36 

3. 4. 4. 1. Immobilized metal affinity chromatography (IMAC)......................................................................................36 
3. 4. 4. 2. Size exclusion chromatography (SEC) .............................................................................................................37 

3. 4. 5. Protein concentration .................................................................................................................... 38 
3. 5. PROTEIN ANALYSIS ...................................................................................................................................... 38 

3. 5. 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) ........................................ 38 
3. 5. 2. Determination of protein concentration ........................................................................................ 39 
3. 5. 3. Thermal shift assay (TSA) .............................................................................................................. 40 
3. 5. 4. High throughput glycan binding studies at the Consortium for Functional Glycomics .................... 41 

3. 6. DETERMINATION OF PROTEIN STRUCTURES ....................................................................................................... 42 
3. 6. 1. Protein crystallization .................................................................................................................... 42 
3. 6. 2. Optimization of crystallization conditions ...................................................................................... 44 

3. 6. 2. 1. Optimization of Awp1A crystals ......................................................................................................................44 
3. 6. 2. 1. Optimization of Awp3A crystals ......................................................................................................................45 

3. 6. 3. Crystal harvesting and soaking ...................................................................................................... 45 
3. 6. 4. Principles of X-ray diffraction ........................................................................................................ 48 
3. 6. 5. Practical approach to data collection ............................................................................................ 49 
3. 6. 6. Data processing and data reduction .............................................................................................. 50 
3. 6. 7. Structure determination ς solving the phase problem (SAD, S-SAD & MR) ..................................... 51 

3. 6. 7. 1. SAD phasing enabled by heavy metal soaking ................................................................................................52 
3. 6. 7. 2. Native SAD phasing using the anomalous diffraction from sulfur .................................................................52 
3. 6. 7. 3. Molecular replacement (MR) ..........................................................................................................................53 

3. 6. 8. Analyzing fragment screen data ς the DIMPLE pipeline ................................................................. 54 
3. 6. 9. Structure refinement ..................................................................................................................... 54 

4. RESULTS ........................................................................................................................................................ 56 

4. 1. THE CELL WALL PROTEOME OF CHAETOMIUM THERMOPHILUM.............................................................................. 56 
4. 1. 1. Prediction of GPI-anchored proteins .............................................................................................. 56 
4. 1. 2. Proteomic analysis of isolated C. thermophilum cell walls ............................................................. 59 
4. 1. 3. Imaging of C. thermophilum cell walls ........................................................................................... 62 

4. 2. ANALYSIS OF CLUSTER VI ADHESINS FROM C. GLABRATA ...................................................................................... 64 
пΦ нΦ мΦ CǳƴŎǘƛƻƴŀƭ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ !ǿǇΩs based on a SSN ......................................................................... 64 
4. 2. 2. Structural analysis of Awp3A ......................................................................................................... 65 

4. 2. 2. 1. Cloning, expression and purification of Awp3A..............................................................................................65 
4. 2. 2. 2. Crystallization, soaking and structure solution...............................................................................................67 

4. 2. 3. Structural analysis of Awp1A ......................................................................................................... 69 
4. 2. 3. 1. Cloning, expression and purification of Awp1A..............................................................................................69 
4. 2. 2. 2. Crystallization and structure solution .............................................................................................................70 

4. 2. 4. Structures of the A-domains of cluster VI adhesins Awp1 and Awp3 .............................................. 72 
4. 2. 5. Binding studies on Awp1A and Awp3A .......................................................................................... 76 

4. 2. 5. 1. Ligand screening via TSA ..................................................................................................................................76 
4. 2. 5. 2. Glycan array screening.....................................................................................................................................78 

4. 3. ANALYSIS OF THE CLUSTER III ADHESIN AWP14 ................................................................................................. 78 
4. 3. 1. Cloning, expression and purification of Awp14A ............................................................................ 78 
4. 3. 2. Crystallization of Awp14A ............................................................................................................. 79 

4. 4. ANALYSIS OF THE CFEM DOMAIN OF THE GPCR CTPTH11 .................................................................................. 81 
4. 4. 1. Cloning, expression and purification of CtPth11 ............................................................................. 81 
4. 4. 2. Crystallization of CtPth11 .............................................................................................................. 82 
4. 4. 3. Structure solution .......................................................................................................................... 83 
4. 4. 4. The structure of the CtPth11 CFEM domain ................................................................................... 85 
4. 4. 5. Fragment screen ........................................................................................................................... 87 

4.4.5.1. CtPth11 CFEM domain ς Fragment 3 .................................................................................................................89 
4.4.5.2. CtPth11 CFEM domain ς Fragment 34 ...............................................................................................................90 



   

XI 
 

4.4.5.3. CtPth11 CFEM domain ς Fragment 62 ...............................................................................................................91 
4.4.5.4. CtPth11 CFEM domain ς Fragment 94 ...............................................................................................................92 

5. DISCUSSION .................................................................................................................................................. 94 

5. 1. THE CELL WALL OF THE THERMOPHILIC FUNGUS C. THERMOPHILUM ....................................................................... 94 
5. 1. 1. Prediction of the C. thermophilum cell wall proteome ................................................................... 94 
5. 1. 2. Mass-spectrometric analysis of C. thermophilum GPI-cell wall proteins ......................................... 97 
5. 1. 3. The structure of the C. thermophilum cell wall ............................................................................ 101 
5. 1. 4. Targets for structural and biochemical studies on cell wall proteins ............................................ 102 

5. 2. ANALYSIS OF CLUSTER VI ADHESINS FROM C. GLABRATA .................................................................................... 104 
5. 2. 1. Structural similarity to pectate lyase ........................................................................................... 104 
5. 2. 2. Potential Ca2+ binding properties of Awp1A and Awp3A .............................................................. 105 
5. 2. 3. Potential glycosylation sites in Awp1 and Awp3 .......................................................................... 106 
5. 2. 4. Reclassification of cluster V and cluster VI adhesins via a SSN ..................................................... 107 
5. 2. 5. Awp3A crystals soaked with Gd3+ acetate reveal a lanthanide cluster of three-fold symmetry ..... 109 

5. 3. ANALYSIS OF THE CFEM DOMAIN OF THE GPCR CTPTH11 ................................................................................ 111 
5. 3. 1. Structure of the CtPth11 CFEM domain ....................................................................................... 111 
5. 3. 2. Accessibility of the binding cleft................................................................................................... 114 
5. 3. 3. Fragment screening against the CtPth11 CFEM domain .............................................................. 115 

5. 4. PERSPECTIVES ON STRUCTURAL PROTEOMICS OF THE FUNGAL CELL WALL ............................................................... 117 

6. LITERATURE ................................................................................................................................................ 119 

7. ACKNOWLEDGEMENTS - DANKSAGUNG .................................................................................................... 132 

8. APPENDICES ............................................................................................................................................... 134 

8. 1. APPENDIX I: CLASSIFICATION OF C. GLABRATA ADHESINS ................................................................................... 134 
8. 2. APPENDIX II: LIST OF FRAGMENT SCREEN DATASETS .......................................................................................... 135 
8. 3. APPENDIX III: DIMPLE SCRIPT .................................................................................................................... 145 
8. 4. APPENDIX IV: TSA ς AWP1A ..................................................................................................................... 146 
8. 5. APPENDIX V: ITC MEASUREMENTS OF AWP3A AND ɮ-1,6-MANNOBIOSE.............................................................. 147 
8. 6. APPENDIX VI: GLYCAN ARRAY RESULTS ......................................................................................................... 148 

8. 6. 1. Awp1A (5 µg/mL) ς Anti-His-488 (5 µg/mL) ................................................................................. 148 
8. 6. 2. Awp1A (50 µg/mL) ς Anti-His-488 (50 µg/mL) ............................................................................. 160 
8. 6. 3. Awp3A (5 µg/mL) ς Anti-His-488 (5 µg/mL) ................................................................................. 172 
8. 6. 4. Awp3A (50 µg/mL) ς Anti-His-488 (50 µg/mL) ............................................................................. 184 

8. 7. APPENDIX VII: PDBE FOLD SEARCH FOR AWP3A ............................................................................................. 196 
8. 8. APPENDIX VIII: PREDICTED GLYCOSYLATION SITES IN AWP1 ............................................................................... 199 
8. 9. APPENDIX IX: GREMLIN CONTACT MAP AND RESIDUE-RESIDUE INTERACTIONS ...................................................... 203 

 

  



   

XII 
 

 

 



  1. Introduction 

1 
 

1. Introduction 

1. 1. The Fungal Cell Wall 

CǳƴƎƛ ŀǊŜ ŎƻǾŜǊŜŘ ōȅ ŀ ммл ς нлл ƴƳ ǘƘƛŎƪ ŎŀǊōƻƘȅŘǊŀǘŜ ƭŀȅŜǊΣ ǘƘŜ ŦǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭΦ ¢ƘŜ ǿŀƭƭ 

ǇǊƻǾƛŘŜǎ ƘƛƎƘ ǎǘŀōƛƭƛǘȅ ǘƻ ǘƘŜ ŎŜƭƭΣ ōǳǘ ƛǎ ŀƭǎƻ ǎǳōƧŜŎǘ ǘƻ Ŏƻƴǎǘŀƴǘ ǊŜƳƻŘŜƭƭƛƴƎмΦ Lǘ ŎƻƴǎǘƛǘǳǘŜǎ 

мр ς ол҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ŘǊȅ Ƴŀǎǎ ƻŦ ǘƘŜ ŎŜƭƭ ƛƴ ǾŜƎŜǘŀǘƛǾŜ {ŀŎŎƘŀǊƻƳȅŎŜǎ ŎŜǊŜǾƛǎƛŀŜнΦ Lǘǎ 

ƛƳǇƻǊǘŀƴŎŜ ƛǎ ŀŘŘƛǘƛƻƴŀƭƭȅ ǳƴŘŜǊƭƛƴŜŘ ōȅ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ƻƴŜπŦƛŦǘƘ ƻŦ ǘƘŜ ȅŜŀǎǘ 

ƎŜƴƻƳŜ ƛǎ ŘŜŘƛŎŀǘŜŘ ǘƻ ŎŜƭƭ ǿŀƭƭ ōƛƻǎȅƴǘƘŜǎƛǎ ŀƴŘ ǊŜƳƻŘŜƭƛƴƎмΦ ¢ƘŜ ŦǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭ ŦǳƭŦƛƭƭǎ 

ǾŀǊƛƻǳǎ ŦǳƴŎǘƛƻƴǎ ǘƘŀǘ ŀǊŜ ŎǊǳŎƛŀƭ ŦƻǊ ǘƘŜ ŎŜƭƭΩǎ ǾƛŀōƛƭƛǘȅΥ aŀƛƴǘŜƴŀƴŎŜ ƻŦ ƻǎƳƻǘƛŎ ƘƻƳŜƻǎǘŀǎƛǎΣ 

ǇǊƻǘŜŎǘƛƻƴ ŦǊƻƳ ƳŜŎƘŀƴƛŎŀƭ ŘŀƳŀƎŜΣ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ŎŜƭƭ ǎƘŀǇŜ ŀƭƻƴƎ ǘƘŜ ǿƘƻƭŜ ŎŜƭƭ 

ŎȅŎƭŜ ŀƴŘ ǇǊƻǾƛŘƛƴƎ ŀ ǎŎŀŦŦƻƭŘ ŦƻǊ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ǇǊƻǘŜƛƴǎΦ tǊƻǘŜƛƴǎ ǿƛǘƘƛƴ ǘƘŜ ǿŀƭƭ ǾŀǊȅ ƛƴ ǘƘŜƛǊ 

ŦǳƴŎǘƛƻƴΣ ŀƳƻƴƎǎǘ ƻǘƘŜǊ ǘƘƛƴƎǎ ǘƘŜȅ ŀǊŜ ƛƴǾƻƭǾŜŘ ƛƴ ŎŜƭƭ ǿŀƭƭ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ǊŜƳƻŘŜƭƛƴƎΣ 

ǎŜƴǎƛƴƎΣ ŀŘƘŜǎƛƻƴΣ ƻǊ ƴǳǘǊƛŜƴǘ ŀŎǉǳƛǎƛǘƛƻƴмΣоΦ 

{ƛƴŎŜ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ƛǎ ŀƴ ŜǎǎŜƴǘƛŀƭ ŎƻƳǇŀǊǘƳŜƴǘ ƻŦ ǘƘŜ ŦǳƴƎŀƭ ŎŜƭƭ ŀƴŘ ƛǎ ŀǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜ ŘƛǎǘƛƴŎǘ 

ŦǊƻƳ ǘƘŜ ŎŜƭƭ ǿŀƭƭǎ ƻǊ ƳŜƳōǊŀƴŜǎ ƻŦ ƳŀƳƳŀƭǎΣ Ǉƭŀƴǘǎ ƻǊ ōŀŎǘŜǊƛŀΣ ƛǘ ƛǎ ƎŜƴŜǊŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ ŀ 

ǇǊƻƳƛǎƛƴƎ ǘŀǊƎŜǘ ŦƻǊ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀƴǘƛŦǳƴƎŀƭ ŘǊǳƎǎмΣпΦ 

 

мΦ мΦ мΦ {ǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ CǳƴƎŀƭ /Ŝƭƭ ²ŀƭƭ 

¢ƘŜ ǳƴƛǉǳŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ŦǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭ ŜƴŀōƭŜǎ ƛǘ ǘƻ ŦǳƭŦƛƭƭ ƛǘǎ ŘƛǾŜǊǎŜ ŦǳƴŎǘƛƻƴǎΦ ! ǎŎƘŜƳŀǘƛŎ 

ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ƛǎ ŘŜǇƛŎǘŜŘ ƛƴ CƛƎǳǊŜ мΦ ¢ƘŜ ŎŜƭƭ ǿŀƭƭ ƛǎ ƻŦǘŜƴ ŘƛǾƛŘŜŘ ƛƴǘƻ ŀƴ ƛƴƴŜǊ 

ƭŀȅŜǊΣ ǿƘƛŎƘ ƛǎ ǊƛŎƘ ƛƴ ŎŀǊōƻƘȅŘǊŀǘŜǎΣ ŀƴŘ ŀƴ ƻǳǘŜǊ ƭŀȅŜǊΣ ǿƘƛŎƘ ƛǎ ǊƛŎƘ ƛƴ ǇǊƻǘŜƛƴрΦ ¢ƘŜ ǘǿƻ ƭŀȅŜǊǎ 

Ŏŀƴ ōŜ ŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ƛƴ ǘǊŀƴǎƳƛǎǎƛƻƴ ŜƭŜŎǘǊƻƴ ƳƛŎǊƻǎŎƻǇȅ ό¢9aύ ƛƳŀƎŜǎΦ ¢ƘŜ ƛƴƴŜǊ ǿŀƭƭ 

Ŏƻƴǎƛǎǘǎ ƻŦ ŎƘƛǘƛƴΣ π̡мΣоπƎƭǳŎŀƴΣ ŀƴŘ π̡мΣсπƎƭǳŎŀƴΦ ! ǘƘƛƴ ƭŀȅŜǊ ƻŦ ŎƘƛǘƛƴ ǎǳǊǊƻǳƴŘǎ ǘƘŜ ǇƭŀǎƳŀ 

ƳŜƳōǊŀƴŜ ŀƴŘ ǇǊƻǾƛŘŜǎ ǊƛƎƛŘƛǘȅ ǘƻ ǘƘŜ ŎŜƭƭ ǿŀƭƭΦ /Ƙƛǘƛƴ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ŎŜƭƭ ǿŀƭƭ ƛƴǘŜƎǊƛǘȅоΤ ŎŜƭƭ 

ǿŀƭƭ ŘŜŦŜŎǘǎ ŀǊŜ ƻŦǘŜƴ ŎƻƳǇŜƴǎŀǘŜŘ ōȅ ǘƘŜ ŦǳƴƎǳǎ ǘƘǊƻǳƎƘ ƛƴŎǊŜŀǎŜŘ ƭŜǾŜƭǎ ƻŦ ŎƘƛǘƛƴ ƛƴ ǘƘŜ ŎŜƭƭ 

ǿŀƭƭнΦ Lƴ {Φ ŎŜǊŜǾƛǎƛŀŜ ƻƴƭȅ мΦр ς с҈ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭ Ƴŀǎǎ Ŏƻƴǎƛǎǘ ƻŦ ŎƘƛǘƛƴоΣ ǿƘŜǊŜŀǎ ƛƴ 

ŦƛƭŀƳŜƴǘƻǳǎ ŦǳƴƎƛ ς ƭƛƪŜ !ǎǇŜǊƎƛƭƭǳǎ ŦǳƳƛƎŀǘǳǎ ς ƛǘ Ŏŀƴ ŎƻƴǎǘƛǘǳǘŜ ǳǇ ǘƻ мр҈ ƻŦ ǘƘŜ ǿƘƻƭŜ ŎŜƭƭ 

ǿŀƭƭ ƳŀǎǎрΦ ¢ƘŜ ƳŀƧƻǊ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭǎ ƻŦ ŦǳƴƎƛ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ǎƻ ŦŀǊ ƛǎ π̡мΣоπƎƭǳŎŀƴΣ 

ǿƘƛŎƘ ŦƻǊƳǎ ŀ ǘƘǊŜŜπŘƛƳŜƴǎƛƻƴŀƭ ƴŜǘǿƻǊƪΦ hǘƘŜǊ ŎƻƳǇƻƴŜƴǘǎΣ ǎǳŎƘ ŀǎ ŎŜǊǘŀƛƴ ǇǊƻǘŜƛƴǎΣ ŀǊŜ 

ŜƳōŜŘŘŜŘ ƛƴ ǘƘƛǎ ƴŜǘǿƻǊƪоΦ IƛƎƘƭȅ ōǊŀƴŎƘŜŘ π̡мΣсπƎƭǳŎŀƴ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǎŜǾŜǊŀƭ ŦǳƴƎƛΣ 

ƛƴŎƭǳŘƛƴƎ ȅŜŀǎǘπƭƛƪŜ {ŀŎŎƘŀǊƻƳȅŎŜǘŀƭŜǎΦ Lǘ Ǉƭŀȅǎ ŀ ǊƻƭŜ ƛƴ ŎǊƻǎǎƭƛƴƪƛƴƎ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŎƻƴǎǘƛǘǳŜƴǘǎ 

ƻŦ ǘƘŜ ŦǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭрΦ /Ŝƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ ŀǊŜ ǳǎǳŀƭƭȅ ƘƛƎƘƭȅ ƎƭȅŎƻǎȅƭŀǘŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ 

ōǊŀƴŎƘŜŘ ƳŀƴƴƻǎŜ ŎƘŀƛƴǎ ŀƴŘ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ŎŀƭƭŜŘ ƳŀƴƴƻǇǊƻǘŜƛƴǎΦ ¢ƘŜȅ ŀǊŜ ŜƴǊƛŎƘŜŘ ƛƴ ǘƘŜ 

ƻǳǘŜǊ ƭŀȅŜǊ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭрΦ 
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Figure 1: Schematic representation of the fungal cell wall, adapted from Cassone (2013)6 

In TEM images the two layers of the fungal cell wall can be distinguished ς in this example an image of the 

C. thermophilum cell wall is shown. The protein-rich outer wall is more electron dense - i.e. appears darker on 

the image - than the inner, carbohydrate-rich wall. The plasma membrane is visible as a very electron dense 

bilayer. The right panel shows a schematic representation of the cell wall. The inner layer of the cell wall consists 

of chitin, ̡ -1,3-glucan, and ̡-1,6-glucan, as well as proteins. In the outer layer of the cell wall, mannoproteins 

can be found. Many of those are GPI-anchored proteins, connected to the ̡ -1,6-glucan moiety of the cell wall 

via a few mannose units and a remnant of the GPI-anchor. 

 

¢ƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ǾŀǊƛŜǎ ŎƻƴǎƛŘŜǊŀōƭȅ ƛƴ ŘƛŦŦŜǊŜƴǘ ŦǳƴƎƛΦ !ŘŘƛǘƛƻƴŀƭ ŎƻƳǇƻƴŜƴǘǎ 

ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǎƻƳŜ ŦǳƴƎƛΦ ¢ƘŜ Ƴƻǎǘ ǎǘǊƛƪƛƴƎ ŜȄŀƳǇƭŜ ƳƛƎƘǘ ōŜ ƳŜƭŀƴƛƴΣ ǿƘƛŎƘ ƛǎ 

ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ōƭŀŎƪ ŎƻƭƻǊ ƻŦ ŎŜǊǘŀƛƴ ŦǳƴƎƛрΦ hǘƘŜǊ ŦǳƴƎƛ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ƭŀŎƪ ǇŀǊǘƛŎǳƭŀǊ ŎŜƭƭ 

ǿŀƭƭ ŎƻƳǇƻƴŜƴǘǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ƴƻ π̡мΣсπƎƭǳŎŀƴ ŎƻǳƭŘ ōŜ ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ƻŦ 

!Φ ŦǳƳƛƎŀǘǳǎтΦ 

 

мΦ мΦ нΦ LƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴǎ ƛƴǘƻ ǘƘŜ ŦǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭ 

tǊƻǘŜƛƴǎ ŀǊŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ƛƴ ŘƛŦŦŜǊŜƴǘ ǿŀȅǎΥ ! ŦŜǿ ǇǊƻǘŜƛƴǎ ŀǊŜ ŜǎǘŜǊπƭƛƴƪŜŘ ǘƻ 

ǘƘŜ π̡мΣоπƎƭǳŎŀƴ ƳƻƛŜǘȅ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ŀƴŘ Ŏŀƴ ōŜ ǊŜƭŜŀǎŜŘ ōȅ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ƳƛƭŘ ŀƭƪŀƭƛΣ ǘƘŜȅ 

ŀǊŜ ǘƘŜǊŜŦƻǊŜ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ !{[ όŀƭƪŀƭƛ ǎŜƴǎƛǘƛǾŜ ƭƛƴƪŀƎŜύ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ ό/²tǎύΦ !ƭǎƻ 

ǘƘŜ ǘŜǊƳ tLw όǇǊƻǘŜƛƴǎ ǿƛǘƘ ƛƴǘŜǊƴŀƭ ǊŜǇŜŀǘǎύ /²tǎ ƛǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ŦƻǊ ǘƘƻǎŜ ǇǊƻǘŜƛƴǎΣ 

ōŜŎŀǳǎŜ ǘƘŜȅ Ŏƻƴǘŀƛƴ ƳǳƭǘƛǇƭŜ ǊŜǇŜŀǘǎ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜ 5DvώƘȅŘǊƻǇƘƻōƛŎ ŀƳƛƴƻ ŀŎƛŘϐvнΣоΤ ŀ 

ƭƛƴƪŀƎŜ ōŜǘǿŜŜƴ ǘƘŜ ŎŜƴǘǊŀƭ ƎƭǳǘŀƳƛƴŜ ǊŜǎƛŘǳŜ όvύ ŀƴŘ π̡мΣоπƎƭǳŎŀƴ ŀǘǘŀŎƘŜǎ ǘƘŜƳ ǘƻ ǘƘŜ ŎŜƭƭ 

ǿŀƭƭуΦ tLwπ/²tǎ Ŏŀƴ ŦƻǊƳ ǎŜǾŜǊŀƭ ƭƛƴƪŀƎŜǎΣ ǘƘǳǎ ǘƘŜȅ ŀǊŜ ŀōƭŜ ǘƻ ƛƴǘŜǊŎƻƴƴŜŎǘ ƎƭǳŎŀƴǎΦ {ƛƴƎƭŜ 

tLw ǊŜǇŜŀǘǎ Ŏŀƴ ŀƭǎƻ ōŜ ŦƻǳƴŘ ƛƴ ŎŜǊǘŀƛƴ ƎƭȅŎƻǎȅƭǇƘƻǎǇƘŀǘƛŘȅƭƛƴƻǎƛǘƻƭ όDtLύπŀƴŎƘƻǊŜŘ /²tǎΦ 

CǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭǎ ŀƭǎƻ Ŏƻƴǘŀƛƴ ŘƛǎǳƭŦƛŘŜπƭƛƴƪŜŘ /²tǎΣ ǿƘƛŎƘ ŀǊŜ ǘƘƻǳƎƘǘ ǘƻ ōŜ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ 
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ŎŜƭƭ ǿŀƭƭ ŜƛǘƘŜǊ ŘƛǊŜŎǘƭȅ ƻǊ ƛƴŘƛǊŜŎǘƭȅ ōȅ ōŜƛƴƎ ƭƛƴƪŜŘ ǘƻ ƻǘƘŜǊ ǇǊƻǘŜƛƴǎΦ ¢ƘŜȅ Ŏŀƴ ōŜ ǊŜƭŜŀǎŜŘ 

ŦǊƻƳ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ǳǎƛƴƎ ǎǳƭŦƘȅŘǊȅƭ ǊŜŀƎŜƴǘǎнΦ 

¢ƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǇǊƻǘŜƛƴǎ ƛƴ ŦǳƴƎŀƭ ŎŜƭƭ ǿŀƭƭǎ ŀǊŜ DtLπ/²tǎΦ Lƴ ŜǳƪŀǊȅƻǘƛŎ ƎŜƴƻƳŜǎ 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ м҈ ƻŦ ŜƴŎƻŘŜŘ ǇǊƻǘŜƛƴǎ ŀǊŜ ǇƻǎǘπǘǊŀƴǎƭŀǘƛƻƴŀƭƭȅ ƳƻŘƛŦƛŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ ŀ 

DtLπŀƴŎƘƻǊΦ ¢ƘŜ ŀƴŎƘƻǊΩǎ ŎƻǊŜ ǎǘǊǳŎǘǳǊŜ ƛǎ ŎƻƴǎŜǊǾŜŘ ƛƴ ƳŀƳƳŀƭǎΣ ǇǊƻǘƻȊƻŀΣ ŀƴŘ ȅŜŀǎǘΤ 

ƳƻŘƛŦƛŎŀǘƛƻƴǎ Ŏŀƴ ōŜ ǎǇŜŎƛŜǎπ ƻǊ ŜǾŜƴ ǘƛǎǎǳŜπǎǇŜŎƛŦƛŎΦ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎ ƘŀǾŜ ǘƻ ǳƴŘŜǊƎƻ 

ŀ ƳŀǘǳǊŀǘƛƻƴ ǇǊƻŎŜǎǎ ōŜŦƻǊŜ ǘƘŜȅ ǊŜŀŎƘ ǘƘŜ ŎŜƭƭ ǎǳǊŦŀŎŜΥ The GPI-anchor is pre-assembled in 

the endoplasmic reticulum (ER) to which the protein is directed by a signal peptide. In the 

lumen of the ER, ŀ ǎǇŜŎƛŦƛŎ ǎƛƎƴŀƭ ǎŜǉǳŜƴŎŜ ƛǎ ǊŜŎƻƎƴƛȊŜŘ ŀǘ ǘƘŜ ǇǊƻǘŜƛƴΩǎ /-terminus. The 

C-terminal end of the protein, up to the so-called ά̟  ǎƛǘŜέ, is removed and replaced by the 

GPI-anchor. GPI-proteins then go through the secretory pathway, during which glycans and 

lipids of the GPI-anchor are subject to several modificationsΦ !ǘ ǘƘŜ ŎŜƭƭ ǎǳǊŦŀŎŜΣ ŀ ƭƛǇƛŘ ǇƻǊǘƛƻƴ 

ƻŦ ǘƘŜ DtLπŀƴŎƘƻǊ ŜƳōŜŘǎ ƛǘ ƛƴǘƻ ŀ ǎƛƴƎƭŜ ƭŜŀŦƭŜǘ ƻŦ ǘƘŜ ƳŜƳōǊŀƴŜфΦ Lƴ ŦǳƴƎƛΣ ǇǊƻǘŜƛƴǎ Ŏŀƴ ǘƘŜƴ 

ōŜ ƭƛƴƪŜŘ ǘƻ ǘƘŜ π̡мΣсπƎƭǳŎŀƴ ƳƻƛŜǘȅ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭ Ǿƛŀ ŀ ǊŜƳƴŀƴǘ ƻŦ ǘƘŜ DtLπŀƴŎƘƻǊΦ ¢Ƙƛǎ ƛǎ 

ŀŎƘƛŜǾŜŘ ōȅ ŀ ǘǊŀƴǎƎƭȅŎƻǎȅƭŀǘƛƻƴ ǊŜŀŎǘƛƻƴΣ ŎŀǘŀƭȅȊŜŘ ōȅ ŀ ƳŜƳōŜǊ ƻŦ ǘƘŜ ƎƭȅŎƻǎƛŘŜ ƘȅŘǊƻƭŀǎŜ 

όDIύ тс ŦŀƳƛƭȅмлΦ Lƴ ǘƘƛǎ ŎƻƴǘŜȄǘΣ ƛǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ Ǉƻǎǎƛōƭȅ ǘƘŜ ƳŀƧƻǊƛǘȅΣ ōǳǘ ƴƻǘ ŀƭƭ DtL 

ǇǊƻǘŜƛƴǎ ŀǊŜ ǊŜƭƻŎŀǘŜŘ ǘƻ ǘƘŜ ŎŀǊōƻƘȅŘǊŀǘŜ ƳƻƛŜǘȅ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭΤ ǎƻƳŜ ǊŜƳŀƛƴ ŀǘ ǘƘŜ ǇƭŀǎƳŀ 

ƳŜƳōǊŀƴŜΣ ƻǘƘŜǊǎ ŀǊŜ ŦƻǳƴŘ ƛƴ ōƻǘƘ ƭƻŎŀǘƛƻƴǎфΦ 

!ǎ ƳŜƴǘƛƻƴŜŘ ŀōƻǾŜΣ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎ ƘŀǾŜ ŎŜǊǘŀƛƴ ŦŜŀǘǳǊŜǎ ǘƘŀǘ Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ ǘƘŜƛǊ 

ƛŘŜƴǘƛŦƛŎŀǘƛƻƴΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ŀƴ bπǘŜǊƳƛƴŀƭ ǎƛƎƴŀƭ ǇŜǇǘƛŘŜ ŀƴŘ ŀ /πǘŜǊƳƛƴŀƭ DtL ŀƴŎƘƻǊ 

ŀǘǘŀŎƘƳŜƴǘ ǎŜǉǳŜƴŎŜΦ ¢ƘŜ DtL ŀƴŎƘƻǊ ŀǘǘŀŎƘƳŜƴǘ ǎŜǉǳŜƴŎŜ ƛǘǎŜƭŦ ŀƭǎƻ ǇƻǎǎŜǎǎŜǎ ǇŀǊǘƛŎǳƭŀǊ 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΥ the GPI-attachment site (̟ -site) is typically a G, A, S, N, D, or C. N-terminal 

from the ̟  site lies the ̟ - region that consists of around 10 polar amino acids (-̟10 to ̟ -1), 

which serve as a flexible linker. ̟ +2 is restricted to G, A, S, or V, it is followed by a spacer 

region of 4 ς 19 amino acids and a stretch of hydrophobic amino acids that varies in length, 

but is able to span the membrane. Upon GPI-anchor ŀǘǘŀŎƘƳŜƴǘ, the peptide bond between 

 ̟and ̟ +1 is cleaved9,11,12. 

Consensus sequences for the GPI anchor ŀǘǘŀŎƘƳŜƴǘ sequence have been described in several 

publications11ς13. In this study, detection of GPI-anchored proteins has been done using the 

Big-PI Fungal Predictor12. In addition, the following sequence was used for detection of 

GPI-anchored proteins via a pattern search11: 

[NSGDAC]ς[GASVIETKDLF]ς[GASV]ςX(4,19)ς[FILMVAGPSTCYWN](10)> 

¢ƘŜ Ŧƛƴŀƭ ƭƻŎŀǘƛƻƴ ƻŦ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎ ƛƴ ŦǳƴƎƛ ς ƛΦ ŜΦ ǘƘŜ ǇƭŀǎƳŀ ƳŜƳōǊŀƴŜ ƻǊ ǘƘŜ ŎŜƭƭ 

ǿŀƭƭ ς ƛǎ ǇǊƻǇƻǎŜŘ ǘƻ ōŜ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǊŜǎƛŘǳŜǎ ƛƴ ǘƘŜ π̟ ǊŜƎƛƻƴ ƻŦ ǘƘŜ DtL ŀǘǘŀŎƘƳŜƴǘ ǎƛƎƴŀƭ 

ǎŜǉǳŜƴŎŜΦ tǊƻǘŜƛƴǎ ǘƘŀǘ ŀǊŜ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ǇƭŀǎƳŀ ƳŜƳōǊŀƴŜ ǳǎǳŀƭƭȅ Ŏƻƴǘŀƛƴ ōŀǎƛŎ ŀƳƛƴƻ ŀŎƛŘǎ 

ƛƴ Ǉƻǎƛǘƛƻƴǎ π̟м ŀƴŘ π̟нммΣ ǘȅǇƛŎŀƭƭȅ ƛƴ ŦƻǊƳ ƻŦ ŀ ŘƛōŀǎƛŎ ƳƻǘƛŦмоΦ ¢ƘŜ π̟ ǊŜƎƛƻƴ ƻŦ DtLπŀƴŎƘƻǊŜŘ 

ǇǊƻǘŜƛƴǎ ǘƘŀǘ ŀǊŜ ǎƻǊǘŜŘ ǘƻ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ƛǎ ŎƻƴǎƛŘŜǊŀōƭȅ ŘƛŦŦŜǊŜƴǘΥ ǘȅǇƛŎŀƭƭȅΣ ±Σ L ƻǊ [ ŀǊŜ ƭƻŎŀǘŜŘ 

ŀǘ Ǉƻǎƛǘƛƻƴǎ π̟п ŀƴŘ π̟р ŀƴŘ ¸ ƻǊ b ŀǘ π̟нммΦ 
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1. 2. Chaetomium thermophilum ς a thermophilic model organism for biochemical 

studies 

tǊƻǘŜƛƴǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜǊƳƻǇƘƛƭƛŎ ƻǊƎŀƴƛǎƳǎ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ ƳƻǊŜ ǎǘŀōƭŜ ǘƘŀƴ ǘƘŜƛǊ 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƳŜǎƻǇƘƛƭƛŎ ƻǊǘƘƻƭƻƎǳŜǎмпΦ ¢ƘŜ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ ŜȄŀƳǇƭŜ ŦƻǊ ǘƘƛǎ ǇƘŜƴƻƳŜƴƻƴ 

ƳƛƎƘǘ ōŜ ǘƘŜ 5b!πǇƻƭȅƳŜǊŀǎŜ ƻŦ ¢ƘŜǊƳǳǎ ŀǉǳŀǘƛŎǳǎмрΦ The production of more heat tolerant 

proteins is not only of high interest for industrial applications16, but also biochemical and 

structural studies profit from the usage of thermally stable proteins, as these also tend to be 

highly stable at lower temperaturesмп. For this reason, proteins derived ŦǊƻƳ ǘƘŜǊƳƻǇƘƛƭƛŎ 

ƻǊƎŀƴƛǎƳǎ ŀǊŜ ŜƴǘƘǳǎƛŀǎǘƛŎŀƭƭȅ ǳǎŜŘ ŦƻǊ ƛƴ ǾƛǘǊƻ ǎǘǳŘƛŜǎΣ ǊŀǘƘŜǊ ǘƘŀƴ ǘƘŜƛǊ ƻǊǘƘƻƭƻƎǳŜǎ 

ƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ ƳŜǎƻǇƘƛƭƛŎ ƻǊƎŀƴƛǎƳǎмтΦ 

In this context, the thermophilic fungus C. thermophilum provides a well suited model 

organism for in vitro studies on eukaryotic proteins. The filamentous fungus belongs to the 

Ascomycetes and ƎǊƻǿǎ ƛƴ ǊƻǘǘŜƴ ƻǊƎŀƴƛŎǎ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻŦ ǳǇ ǘƻ сл ϲ/Σ ǿƛǘƘ ŀƴ ƻǇǘƛƳŀƭ 

ƎǊƻǿǘƘ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ рл ς рр ϲ/муΦ The genome of C. thermophilum has first been published 

in 201119. It is available at https://c-thermophilum.bork.embl.de, with annotations updated 

and curated in 2014. Additionally, its proteome has been analyzed via mass spectrometry, 

resulting in the identification of 4266 proteins from 7227 predicted protein coding 

sequencesмуΦ LƴŎǊŜŀǎŜŘ ǎƻƭǳōƛƭƛǘȅ ƻŦ ƘŜǘŜǊƻƭƻƎƻǳǎƭȅ ŜȄǇǊŜǎǎŜŘ ǇǊƻǘŜƛƴǎ ƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ 

/Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜƛǊ ƻǊǘƘƻƭƻƎǳŜǎ ŦǊƻƳ ƻǘƘŜǊ ŦǳƴƎƛ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ƻƴ 

ǎŜǾŜǊŀƭ ƻŎŎŀǎƛƻƴǎмлΣмуΣнлΦ {ŜŜƳƛƴƎƭȅ ǘƘŜ ŦǳƴƎǳǎ ŀƭǎƻ ŜƴƧƻȅǎ ŀ ŎŜǊǘŀƛƴ ǇƻǇǳƭŀǊƛǘȅ ŀƳƻƴƎ 

ǎǘǊǳŎǘǳǊŀƭ ōƛƻƭƻƎƛǎǘǎΣ ŀǎ ǎǳƎƎŜǎǘŜŘ ōȅ ǘƘŜ омп t5. ŜƴǘǊƛŜǎ ƻŦ ǇǊƻǘŜƛƴǎ ŘŜǊƛǾŜŘ ŦǊƻƳ 

/Φ ǘƘŜǊƳƻǇƘƛƭǳƳ όŀǎ ƻŦ bƻǾŜƳōŜǊ нрǘƘΣ нлнлύΦ !ƭǘƘƻǳƎƘ ǘƘŜ ŦǳƴƎǳǎ ƛǎ ŀ ǇƻǇǳƭŀǊ ƳƻŘŜƭ 

ƻǊƎŀƴƛǎƳΣ ƛǘ Ƙŀǎ ƴƻǘ ȅŜǘ ōŜŜƴ ǿƛŘŜƭȅ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎǘǳŘȅ ƻŦ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎΦ {ǘǊǳŎǘǳǊŀƭƭȅ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ ƛƴŎƭǳŘŜ ǘƘŜ ƎƭȅŎƻǎƛŘŜ ƘȅŘǊƻƭŀǎŜǎ όDIύ 5ŦƎр 

όt5.Υ сw¸л ŀƴŘ ǊŜƭŀǘŜŘ ŜƴǘǊƛŜǎύмл ŀƴŘ [ŀƳрр όt5.Υ рaр½ ŀƴŘ рaслύнмΦ 

 

1. 3. Adhesins in C. glabrata ς important contributors to the virulence of a yeast-

like fungus 

¢ƘŜ ȅŜŀǎǘ /Φ ƎƭŀōǊŀǘŀ ƛǎ ŀ ƳŀƳƳŀƭƛŀƴ ŎƻƳƳŜƴǎŀƭ ǘƘŀǘ Ŏŀƴ ŎŀǳǎŜ ƳǳŎƻǎŀƭΣ ōƭƻƻŘ ǎǘǊŜŀƳ ŀƴŘ 

ƳŜŘƛŎŀƭπŘŜǾƛŎŜ ǊŜƭŀǘŜŘ ƛƴŦŜŎǘƛƻƴǎΦ 9ǎǇŜŎƛŀƭƭȅ ƛƳƳǳƴƻŎƻƳǇǊƻƳƛǎŜŘ ǇŀǘƛŜƴǘǎ ŀǊŜ ǎŜǾŜǊŜƭȅ 

ŀŦŦŜŎǘŜŘ ōȅ /ŀƴŘƛŘŀ ƛƴŦŜŎǘƛƻƴǎннΣноΦ ¢ƘŜ ƻǇǇƻǊǘǳƴƛǎǘƛŎ ǇŀǘƘƻƎŜƴ /Φ ƎƭŀōǊŀǘŀ ƛǎ ǘƘŜ ǎŜŎƻƴŘ Ƴƻǎǘ 

ŎŀǳǎŜ ƻŦ ǘƘŜǎŜ ƛƴŦŜŎǘƛƻƴǎ ƛƴ ƘǳƳŀƴ ŀŦǘŜǊ /ŀƴŘƛŘŀ ŀƭōƛŎŀƴǎΣ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ƴǳƳōŜǊǎ ƻǾŜǊ ǘƘŜ 

ȅŜŀǊǎΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ǇǊŜǊŜǉǳƛǎƛǘŜ ǘƘŀǘ /Φ ƎƭŀōǊŀǘŀ ƛǎ ƴŀǘǳǊŀƭƭȅ ǊŜǎƛǎǘŀƴǘ ŀƎŀƛƴǎǘ ŀȊƻƭŜ Ŏƭŀǎǎ 

ŀƴǘƛŦǳƴƎŀƭ ŘǊǳƎǎ ŎƻƳǇƭƛŎŀǘŜǎ ǘǊŜŀǘƳŜƴǘ ƻŦ ƛƴŦŜŎǘƛƻƴǎΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ ƻǊƎŀƴƛǎƳ ƛǎ 

ǇƘȅƭƻƎŜƴŜǘƛŎŀƭƭȅ ƳƻǊŜ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǘƻ {Φ ŎŜǊŜǾƛǎƛŀŜ ǘƘŀƴ ǘƻ ƻǘƘŜǊ /ŀƴŘƛŘŀ ǎǇŜŎƛŜǎ ŀƴŘ ƛǘ ƭŀŎƪǎ 

ŎŜǊǘŀƛƴ ǾƛǊǳƭŜƴŎŜ ŦŀŎǘƻǊǎΣ ǎǳŎƘ ŀǎ ƘȅǇƘŀŜ ŦƻǊƳŀǘƛƻƴноΦ IƻǿŜǾŜǊΣ /Φ ƎƭŀōǊŀǘŀ ǇƻǎǎŜǎǎŜǎ ŀ 

ǊŜƳŀǊƪŀōƭȅ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ ǇǳǘŀǘƛǾŜ ŀŘƘŜǎƛƴǎΣ ǿƘƛŎƘ ŀǊŜ ǘƘƻǳƎƘǘ ǘƻ ŎƻƳǇŜƴǎŀǘŜ ŦƻǊ ǘƘŜ ƭŀŎƪ 

ƻŦ ƻǘƘŜǊ ǾƛǊǳƭŜƴŎŜ ŦŀŎǘƻǊǎнпΣнрΦ ¢ƘŜǎŜ ŀǊŜ ǇǊƻǘŜƛƴǎ ƻƴ ǘƘŜ ŎŜƭƭΩǎ ǎǳǊŦŀŎŜ ǘƘŀǘ ŜƴŀōƭŜ ǘƘŜ ŦǳƴƎǳǎ 
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ǘƻ ŀŘƘŜǊŜ ǘƻ ŀ ǾŀǊƛŜǘȅ ƻŦ ōƛƻƭƻƎƛŎ ŀƴŘ ŀōƛƻǘƛŎ ǎǳōǎǘŀƴŎŜǎΦ !ŘƘŜǎƛƻƴ ǘƻ Ƙƻǎǘ ǘƛǎǎǳŜ ƛǎ ŎƻƴǎƛŘŜǊŜŘ 

ŀ ŎǊƛǘƛŎŀƭ ŦƛǊǎǘ ǎǘŜǇ ƛƴ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ŦǳƴƎŀƭ ƛƴŦŜŎǘƛƻƴǎ ŀƴŘ ŀƭǎƻ ŀŘƘŜǎƛƻƴ ǘƻ ƳŜŘƛŎŀƭ 

ŘŜǾƛŎŜǎΣ ŦƻƭƭƻǿŜŘ ōȅ ōƛƻŦƛƭƳ ŦƻǊƳŀǘƛƻƴΣ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘннΦ 

!ŘƘŜǎƛƴǎ ŀǊŜ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎΣ Ƴƻǎǘ ƻŦ ǿƘƛŎƘ ǎƘŀǊŜ ŀ ǇŀǊǘƛŎǳƭŀǊ ŘƻƳŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜΥ 

.ŜƛƴƎ DtLπŀƴŎƘƻǊŜŘΣ ǘƘŜȅ ŀǇǇŀǊŜƴǘƭȅ ǇƻǎǎŜǎǎ ŀƴ bπǘŜǊƳƛƴŀƭ ǎƛƎƴŀƭ ǇŜǇǘƛŘŜΦ ¢ƘŜ ǎƛƎƴŀƭ ǇŜǇǘƛŘŜ 

ƛǎ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ǎƻ ŎŀƭƭŜŘ ά!πŘƻƳŀƛƴέ ƻǊ άŜŦŦŜŎǘƻǊ ŘƻƳŀƛƴέΣ ǿƘƛŎƘ ƘŀǊōƻǊǎ ǘƘŜ ŀŘƘŜǎƛǾŜ 

ŦǳƴŎǘƛƻƴΦ ! ŎŜƴǘǊŀƭ ǎŜǊƛƴŜκǘƘǊŜƻƴƛƴŜπǊƛŎƘ ǊŜƎƛƻƴ ƻŦ ƭƻǿ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ƻŦ ǾŀǊƛƻǳǎ ƭŜƴƎǘƘǎ ς ŀƭǎƻ 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ά.πŘƻƳŀƛƴέ ς ŀŎǘǎ ŀǎ ŀ ǇǊƻǘŜƻƎƭȅŎŀƴπƭƛƪŜ ǎǘŀƭƪ ǘƻ ǇǊŜǎŜƴǘ ǘƘŜ !πŘƻƳŀƛƴ ƻƴ ǘƘŜ 

ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŦǳƴƎŀƭ ŎŜƭƭΦ [ŀǎǘƭȅΣ ǘƘŜ /πǘŜǊƳƛƴŀƭ ŘƻƳŀƛƴ Ŏƻƴǘŀƛƴǎ ǘƘŜ DtL ŀƴŎƘƻǊ ŀǘǘŀŎƘƳŜƴǘ 

ǎƛƎƴŀƭ ǎŜǉǳŜƴŎŜ ŀƴŘ ƛǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ƛƴǘŜƎǊŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ƛƴǘƻ ǘƘŜ ŎŜƭƭ ǿŀƭƭ Ǿƛŀ ŀ 

DtLπŀƴŎƘƻǊннΣнсΦ 

hōǾƛƻǳǎƭȅΣ ǘƘŜ ŜȄŀŎǘ ƴǳƳōŜǊ ƻŦ ŀŘƘŜǎƛƴǎ ƛƴ ŀ ŦǳƴƎǳǎ Ŏŀƴƴƻǘ ōŜ ǎǇŜŎƛŦƛŜŘΣ ōǳǘ ƻƴŜ Ŏŀƴ ŎƻƳǇŀǊŜ 

ǘƘŜ ƴǳƳōŜǊǎ ƻŦ ŀƭǊŜŀŘȅ ƛŘŜƴǘƛŦƛŜŘ ŀŘƘŜǎƛƻƴπƭƛƪŜ ŜƴŎƻŘƛƴƎ ƎŜƴŜǎ ƛƴ ŘƛŦŦŜǊŜƴǘ ŦǳƴƎƛΦ ¢Ƙƛǎ ǊŜǾŜŀƭǎ 

ǘƘŀǘ /Φ ƎƭŀōǊŀǘŀ Ŏƻƴǘŀƛƴǎ ŀƴ ŜȄŎŜǇǘƛƻƴŀƭƭȅ ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ ŀŘƘŜǎƛƴǎΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ст ǇǳǘŀǘƛǾŜ 

ŀŘƘŜǎƛƴǎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ƛŘŜƴǘƛŦƛŜŘ ōȅ ŘƻƳŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜ ƛƴ ǘƘŜ ƎŜƴƻƳŜ ƻŦ ǘƘŜ /Φ ƎƭŀōǊŀǘŀ 

ǎǘǊŀƛƴ !¢//нллмκ/.{моуннΦ Lƴ ŎƻƳǇŀǊƛǎƻƴΣ нр ŀŘƘŜǎƛƴǎ ǿŜǊŜ ŘŜǎŎǊƛōŜŘ ƛƴ /Φ ŀƭōƛŎŀƴǎ ōȅ 

ŘŜ DǊƻƻǘ Ŝǘ ŀƭΦ ƛƴ нлмоннΦ Lƴ ǘƘƛǎ ŎƻƴǘŜȄǘΣ ǘƘŜ ǇƭŀǎǘƛŎƛǘȅ ƻŦ ǘƘŜ /Φ ƎƭŀōǊŀǘŀ ƎŜƴƻƳŜ ƛǎ ǿƻǊǘƘ 

ƳŜƴǘƛƻƴƛƴƎΣ ƛΦ ŜΦ ǘƘŜ ƎŜƴƻƳŜ ƻŦ ǘƘŜ ƻǊƎŀƴƛǎƳ ƛǎ ƘƛƎƘƭȅ ŘȅƴŀƳƛŎΦ ¢Ƙƛǎ ŦŜŀǘǳǊŜ ƛǎ ŀƭǎƻ ŦƻǳƴŘ ƛƴ 

ƻǘƘŜǊ ǇŀǘƘƻƎŜƴǎ ŀƴŘ ŜƴŀōƭŜǎ ŀŘŀǇǘŀǘƛƻƴ ǘƻ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŎƘŀƴƎŜǎΦ Lƴ ŀŘŘƛǘƛƻƴΣ Ƴŀƴȅ 

ŀŘƘŜǎƛƴǎ ŀǊŜ ŜƴŎƻŘŜŘ ƛƴ ǎǳōǘŜƭƻƳŜǊƛŎ ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ƎŜƴƻƳŜΦ ¢ƘƻǎŜ ŀǊŜ ǊŜƎƛƻƴǎ ǿƛǘƘ ŀ ƘƛƎƘ 

ŀƳƻǳƴǘ ƻŦ ǎŜǉǳŜƴŎŜ ǊŜǇŜŀǘǎ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǇŀǊǘƛŎǳƭŀǊƭȅ ǎǳǎŎŜǇǘƛōƭŜ ǘƻ ǊŜŀǊǊŀƴƎŜƳŜƴǘǎΦ ¢ƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ǎŜǉǳŜƴŎŜ ǊŜǇŜŀǘǎ ŀƭǎƻ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ŎƻǊǊŜŎǘ ǎŜǉǳŜƴŎƛƴƎнтΦ 

!ǇǇƭȅƛƴƎ ǘƘŜ ǎǇŜŎƛŦƛŎ ŘƻƳŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ŀŘƘŜǎƛƴǎ ŀǎ ŀ ŎǊƛǘŜǊƛƻƴ ŦƻǊ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ 

ŀŘƘŜǎƛƴǎΣ 5Ŝ DǊƻƻǘ Ŝǘ ŀƭΦ ōƛƻƛƴŦƻǊƳŀǘƛŎŀƭƭȅ ƛŘŜƴǘƛŦƛŜŘ ƴƻǾŜƭ ǇǳǘŀǘƛǾŜ ŀŘƘŜǎƛƴǎ ǿƛǘƘƛƴ ǘƘŜ ǎŜŎƻƴŘ 

ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ /Φ ƎƭŀōǊŀǘŀ ƎŜƴƻƳŜ όнллпύΦ CƻǳǊ ƻŦ ǘƘƻǎŜ ǿŜǊŜ ŎƻƴŦƛǊƳŜŘ Ǿƛŀ Ƴŀǎǎ 

ǎǇŜŎǘǊƻƳŜǘǊƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭǎ ƻŦ ŘƛŦŦŜǊŜƴǘ /Φ ƎƭŀōǊŀǘŀ ǎǘǊŀƛƴǎ ό!¢// флутс ŀƴŘ !¢// 

нллмύ ǳƴŘŜǊ ǾŀǊȅƛƴƎ ƎǊƻǿǘƘ ŎƻƴŘƛǘƛƻƴǎ ƛƴ нллуΦ ¢ƘƻǎŜ ƴƻǾŜƭ ǇǳǘŀǘƛǾŜ ŀŘƘŜǎƛƴǎ ǿŜǊŜ ƴŀƳŜŘ 

!ŘƘŜǎƛƴπƭƛƪŜ ǿŀƭƭ ǇǊƻǘŜƛƴ ό!ǿǇύ мπп ŀƴŘ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŦƛǊǎǘ ƛŘŜƴǘƛŦƛŜŘ ƳŜƳōŜǊǎ ƻŦ ǘƘŜ !ǿǇ 

ŦŀƳƛƭȅ ƻŦ /Φ ƎƭŀōǊŀǘŀ ŀŘƘŜǎƛƴǎнпΦ ¢ǿƻ ƳƻǊŜ ƴƻǾŜƭ ŀŘƘŜǎƛƴǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ /Φ ƎƭŀōǊŀǘŀ 

ǎǘŀǘƛƻƴŀǊȅ ǇƘŀǎŜ ŎŜƭƭǎ ŀƴŘ ƛƴ ōƛƻŦƛƭƳǎ ōȅ YǊŀƴŜǾŜƭŘ Ŝǘ ŀƭΦ ƛƴ нлмм ŀƴŘ ƴŀƳŜŘ !ǿǇрκснрΤ 

!ǿǇтπмо ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ƘȅǇŜǊŀŘƘŜǎƛǾŜ ŎƭƛƴƛŎŀƭ ƛǎƻƭŀǘŜǎ ƻŦ /Φ ƎƭŀōǊŀǘŀ ƛƴ нлмрнуΦ ¢ƘŜ 

ǇǳǘŀǘƛǾŜ ŀŘƘŜǎƛƴǎ !ǿǇмπмп ŀǊŜ ƳŜƳōŜǊǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŎƭǳǎǘŜǊǎ ƻŦ /Φ ƎƭŀōǊŀǘŀ ŀŘƘŜǎƛƴǎΣ ǘƘŜ 

ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ōŜƛƴƎ ōŀǎŜŘ ƻƴ ŀ ǇƘȅƭƻƎŜƴŜǘƛŎ ǘǊŜŜΣ ǿƘƛŎƘ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ǳǎƛƴƎ ǘƘŜ bπǘŜǊƳƛƴŀƭ 

ǊŜƎƛƻƴǎ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎŜǎΦ ¢ƘŜ ŎǳǊǊŜƴǘ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ /Φ ƎƭŀōǊŀǘŀ ŀŘƘŜǎƛƴǎ ǿŀǎ ǇǳōƭƛǎƘŜŘ ǿƛǘƘ 

ǘƘŜ ƴŜǿƭȅ ŀǎǎŜƳōƭŜŘ ƎŜƴƻƳŜ ƻŦ ǘƘŜ ƻǊƎŀƴƛǎƳ ōȅ ·ǳ Ŝǘ ŀƭΦнт ŀƴŘ ƎŜƴŜǊŀƭƭȅ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ 

ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǇǊŜǎŜƴǘŜŘ ōȅ ŘŜ DǊƻƻǘ Ŝǘ ŀƭΦ ƛƴ нллунпΣнтΦ 
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Figure 2: 5ƻƳŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀƴŘ ƳƻŘŜƭ ƻŦ ŀ ǘȅǇƛŎŀƭ ŀŘƘŜǎƛƴΣ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ !ǿǇΩǎ ƛƴ ŘƛŦŦŜǊŜƴǘ ŎƭǎǳǘŜǊǎ 

A) The distinct domain architecture of C. glabrata adhesins: The proteins carry an N-terminal signal peptide that 

targets them to the cell wall. The N-terminal effector domain (or A-domain) has the adhesive function. It is 

followed by a Ser/Thr-rich region, also referred to as B-domain, which displays the A-ŘƻƳŀƛƴ ŀǘ ǘƘŜ ŎŜƭƭΩǎ ǎǳǊŦŀŎŜΦ 

Finally, adhesins are connected to the cell wall or the plasma membrane via a GPI-anchor, they therefore have a 

GPI anchor ŀǘǘŀŎƘƳŜƴǘ sequence. .ύ !ǿǇΩǎ ŀǊŜ ƳŜƳōŜǊǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŎƭǳǎǘŜǊǎΣ ŀǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ǘŀōƭŜΦ Colors of 

the clusters were chosen according to Xu et al.27. The classification is based on Xu et al.27, de Groot et al.24 and 

Gómez-Molero et al.28. C) Model of an adhesin: the protein is anchored to the cell wall via a GPI-anchor. A 

proteoglycan-like stalk (represented by orange spheres) presents the effector domain on the cell surface. The 

effector domain (shown as a green surface representation of Epa1A) has the adhesive function. 

 

/Φ ƎƭŀōǊŀǘŀ Ŏƻƴǘŀƛƴǎ т ŘƛŦŦŜǊŜƴǘ ŎƭǳǎǘŜǊǎ ƻŦ ŀŘƘŜǎƛƴǎΣ ǎǳƳƳŀǊƛȊŜŘ ƛƴ !ǇǇŜƴŘƛȄ LΤ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ 

ƻŦ !ǿǇΩǎ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ нΦ ¢ƘŜ 9ǇƛǘƘŜƭƛŀƭ ŀŘƘŜǎƛƻƴ ό9Ǉŀύ ŦŀƳƛƭȅ ŦƻǊƳǎ ŎƭǳǎǘŜǊ LΦ ¢ƘŜ 9Ǉŀ 

ŦŀƳƛƭȅ Ŏƻƴǎƛǎǘǎ ƻŦ нл ƳŜƳōŜǊǎнтΣ ǎǘǊǳŎǘǳǊŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ŀǾŀƛƭŀōƭŜ ƻƴ 9ǇŀмΣ 9ǇŀсΣ ŀƴŘ 9ǇŀфΤ 

ŀƭƭ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ŀƴǘƘǊŀȄ ǇǊƻǘŜŎǘƛǾŜ ŀƴǘƛƎŜƴ мп όt!мпύ ŘƻƳŀƛƴΦ ¢ƘŜǎŜ ǇǊƻǘŜƛƴǎ ōƛƴŘ ǾŀǊƛƻǳǎ 

ŎŀǊōƻƘȅŘǊŀǘŜǎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ŦƻǳƴŘ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎнсΣнфΣолΦ !ƭǎƻ ǎƻƳŜ ƻǘƘŜǊ 

/ŀƴŘƛŘŀ ǎǇŜŎƛŜǎΣ ǿƘƛŎƘ ŀǊŜ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǘƻ /Φ ƎƭŀōǊŀǘŀΣ Ŏƻƴǘŀƛƴ 9Ǉŀ ƎŜƴŜǎΦ мн ŀƴŘ ф 9Ǉŀ 

ƻǊǘƘƻƭƻƎǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ /Φ ōǊŀŎŀǊŜƴǎƛǎ ŀƴŘ /Φ ƴƛǾŀǊƛŜƴǎƛǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ōƻǘƘ ǇŀǘƘƻƎŜƴƛŎ 

ŦǳƴƎƛΦ Lƴ ŎƻƴǘǊŀǎǘΣ ƻƴƭȅ ƻƴŜ 9Ǉŀ ƎŜƴŜ ǿŀǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ƴƻƴπǇŀǘƘƻƎŜƴƛŎ ŦǳƴƎǳǎ bŀƪŀǎŜƻƳȅŎŜǎ 

ŘŜƭǇƘŜƴǎƛǎΣ ǳƴŘŜǊƭƛƴƛƴƎ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƻŦ 9Ǉŀ ŦŀƳƛƭȅ ƳŜƳōŜǊǎ ƛƴ ǾƛǊǳƭŜƴŎŜомΦ /ƭǳǎǘŜǊ LL ƛǎ 

ŦƻǊƳŜŘ ōȅ ǘƘŜ t!мп ŘƻƳŀƛƴ ŎƻƴǘŀƛƴƛƴƎ ²ŀƭƭ tǊƻǘŜƛƴ όtǿǇύ ŦŀƳƛƭȅ ƻŦ ŀŘƘŜǎƛƴǎΣ ǿƘƛŎƘ Ƙŀǎ 

ǎŜǾŜƴ ƳŜƳōŜǊǎΦ IƻǿŜǾŜǊΣ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘƛǎ ŦŀƳƛƭȅ ƛǎ ǊŀǘƘŜǊ ƭƛƳƛǘŜŘннΤ tǿǇт ǿŀǎ ǎƘƻǿƴ ǘƻ 

ōŜ ƛƴǾƻƭǾŜŘ ƛƴ ŀŘƘŜǎƛƻƴ ǘƻ ƘǳƳŀƴ ŜƴŘƻǘƘŜƭƛŀƭ ŎŜƭƭǎонΦ /ƭǳǎǘŜǊ LLL Ŏƻƴǘŀƛƴǎ мп ƳŜƳōŜǊǎΣ 

ƛƴŎƭǳŘƛƴƎ !ǿǇрκ!ŜŘмнт ς ǿƘƛŎƘ ƛǎ ǇǊƻǇƻǎŜŘ ǘƻ ōŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ŀŘƘŜǎƛƻƴ ǘƻ ƘǳƳŀƴ ŜƴŘƻǘƘŜƭƛŀƭ 

ŎŜƭƭǎон ςΣ ŀǎ ǿŜƭƭ ŀǎ !ǿǇмо ŀƴŘ !ǿǇмпΦ !ǿǇсΣ ǿƘƛŎƘ ǿŀǎ ǎƘƻǿƴ ǘƻ ōŜ ǳǇǊŜƎǳƭŀǘŜŘ ƛƴ ōƛƻŦƛƭƳǎнрΣ 

ŀƴŘ !ǿǇт ŎƻƴǎǘƛǘǳǘŜ ŎƭǳǎǘŜǊ L±нтΦ /ƭǳǎǘŜǊ ± Ŏƻƴǘŀƛƴǎ ǎŜǾŜǊŀƭ !ǿǇΩǎΣ ƴŀƳŜƭȅ !ǿǇнΣ !ǿǇпΣ ŀƴŘ 
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!ǿǇуπммΦ tǊƻǘŜƻƳŜ ƳŀǎǎπǎǇŜŎǘǊƻƳŜǘǊȅ ŀƴŀƭȅǎƛǎ ƻŦ ƘȅǇŜǊŀŘƘŜǎƛǾŜ /Φ ƎƭŀōǊŀǘŀ ǎǘǊŀƛƴǎ ǊŜǾŜŀƭŜŘ 

ǘƘŀǘ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇŜǇǘƛŘŜǎ ŦǊƻƳ ŎƭǳǎǘŜǊ ± ŎƻǊǊŜǎǇƻƴŘŜŘ ǘƻ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƛŘŜƴǘƛŦƛŀōƭŜ 

ǇŜǇǘƛŘŜǎ ŦǊƻƳ 9Ǉŀ ŦŀƳƛƭȅ ƳŜƳōŜǊǎΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘƛǎ ŎƭǳǎǘŜǊ ŀƭǎƻ Ǉƭŀȅǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ 

ŎŜƭƭ ŀŘƘŜǎƛƻƴнуΦ /ƭǳǎǘŜǊ ±L Ŏƻƴǘŀƛƴǎ !ǿǇмΣ !ǿǇоŀΣ ŀƴŘ !ǿǇоōΣ ŀƳƻƴƎǎǘ ƻǘƘŜǊ ƳŜƳōŜǊǎΦ ¢ƘŜ 

!ǿǇо ƎŜƴŜ ǿŀǎ ƳƛǎŀǎǎŜƳōƭŜŘ ƛƴ ǘƘŜ нллп ǊŜŦŜǊŜƴŎŜ ƎŜƴƻƳŜΣ ǘƘŜ ŎǳǊǊŜƴǘ ŀǎǎŜƳōƭȅ ƭŜŘ ǘƻ ǘƘŜ 

ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘǿƻ ǇŀǊŀƭƻƎǎΣ ƴŀƳŜŘ !ǿǇоŀ ŀƴŘ !ǿǇоōнтΦ !ǿǇмн ƛǎ ŀ ƳŜƳōŜǊ ƻŦ ŎƭǳǎǘŜǊ ±LL 

ŀƴŘ ŀƭǎƻ ƛǘǎ ŦƛǊǎǘ ƳŜƳōŜǊ ǘƻ ōŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ŎŜƭƭ ǿŀƭƭǎ Ǿƛŀ ǇǊƻǘŜƻƳŜ ŀƴŀƭȅǎƛǎΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ŦƛǊǎǘ 

ƛƴŘƛŎŀǘƛƻƴ ŦƻǊ ōƛƻƭƻƎƛŎŀƭ ǊŜƭŜǾŀƴŎŜ ƻŦ ŎƭǳǎǘŜǊ ±LL ŀŘƘŜǎƛƴǎнуΦ 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ƘƻƳƻƭƻƎȅ ƻŦ !ǿǇм ŀƴŘ !ǿǇн ς ǿƘƛŎƘ ŀǊŜ ƳŜƳōŜǊǎ ƻŦ ŎƭǳǎǘŜǊ ±L ŀƴŘ ±Σ 

ǊŜǎǇŜŎǘƛǾŜƭȅ ς ǘƻ !ǿŀмΣ IǇŦмΣ ŀƴŘ IǇŦмΩ ŦǊƻƳ ȅŜŀǎǘ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘнпΦ !ǿŀм ς άŀǿŀέ ƛǎ 

WŀǇŀƴŜǎŜ ŦƻǊ ŦƻŀƳ ς ƛǎ ŀ DtLπŀƴŎƘƻǊŜŘ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴ ǳƴƛǉǳŜ ǘƻ ǎŀƪŜ ȅŜŀǎǘΣ ǿƘƛŎƘ ƛǎ ŜǎǎŜƴǘƛŀƭ 

ŦƻǊ ŦƻŀƳπŦƻǊƳŀǘƛƻƴ ŀƴŘ ǎǳǊŦŀŎŜ ƘȅŘǊƻǇƘƻōƛŎƛǘȅооΦ IŀȊŜ ǇǊƻǘŜŎǘƛǾŜ ŦŀŎǘƻǊǎ όIǇŦύ ƘŀǾŜ ŦƛǊǎǘ ōŜŜƴ 

ŘŜǎŎǊƛōŜŘ ōȅ ²ŀǘŜǊǎ Ŝǘ ŀƭΦ ƛƴ мффпопΦ ¢ƘŜȅ ŀǊŜ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ ƻŦ ǎŜǾŜǊŀƭ {Φ ŎŜǊŜǾƛǎƛŀŜ ǎǘǊŀƛƴǎ 

ŀƴŘ ŀǊŜ ŎƻƴǘŀƛƴŜŘ ƛƴ ƛǎƻƭŀǘŜǎ ƻŦ ǿƛƴŜΣ ǿƘŜǊŜ ǘƘŜȅ ŀǊŜ ǇǊƻǇƻǎŜŘ ǘƻ ŎƻƳǇŜǘŜ ǿƛǘƘ ǿƛƴŜ ǇǊƻǘŜƛƴǎ 

ŦƻǊ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎ ǘƘŀǘ ŦƻǊƳ ǾƛǎƛōƭŜ ǇǊƻǘŜƛƴ ŀƎƎǊŜƎŀǘŜǎ ς ƛΦ ŜΦ ƘŀȊŜорΦ 

¢ƘŜ !ǿǇ ŦŀƳƛƭȅ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǎŜŎƻƴŘ ƭŀǊƎŜǎǘ ŦŀƳƛƭȅ ƻŦ ŀŘƘŜǎƛƴǎ ƛƴ /Φ ƎƭŀōǊŀǘŀΣ ōǳǘ Ƴƻǎǘ 

ƳŜƳōŜǊǎ ŀǊŜ ǎǘƛƭƭ ǳƴŎƘŀǊŀŎǘŜǊƛȊŜŘΤ ǎǘǊǳŎǘǳǊŀƭ ŀƴŘ ōƛƻŎƘŜƳƛŎŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ƭŀŎƪƛƴƎΦ 

bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ǇǊƻǘŜƛƴǎ ƛƴ ŎŜƭƭ ǿŀƭƭ ƛǎƻƭŀǘŜǎ ƻŦ ŘƛŦŦŜǊŜƴǘ /Φ ƎƭŀōǊŀǘŀ 

ǎǘǊŀƛƴǎΣ ŜǎǇŜŎƛŀƭƭȅ ƛƴ ŎƭƛƴƛŎŀƭ ƛǎƻƭŀǘŜǎ ƻŦ ƘȅǇŜǊŀŘƘŜǎƛǾŜ ǎǘǊŀƛƴǎΣ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜȅ Ǉƭŀȅ 

ǎƛƎƴƛŦƛŎŀƴǘ ǊƻƭŜǎ ƛƴ ŎŜƭƭ ŀŘƘŜǎƛƻƴнуΦ 

 

1. 4. Proteins with a CFEM domain 

¢ƘŜ /C9a όŎƻƳƳƻƴ ƛƴ ǎŜǾŜǊŀƭ ŦǳƴƎŀƭ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŜƳōǊŀƴŜ ǇǊƻǘŜƛƴǎύ ŘƻƳŀƛƴ ƛǎ ŜȄŎƭǳǎƛǾŜƭȅ 

ŦƻǳƴŘ ƛƴ ŦǳƴƎŀƭ ƳŜƳōǊŀƴŜ ƻǊ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎΦ Lǘ Ƙŀǎ ŀ ǎƛȊŜ ƻŦ ŀǊƻǳƴŘ сл ŀƳƛƴƻ ŀŎƛŘǎΣ ǿƛǘƘ 

ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴǎŜƴǎǳǎ ǎŜǉǳŜƴŎŜΥ 

tȄ/ώ!κDϐȄн/Ȅуςмн/ȄмςоώȄκ¢ϐ5Ȅнςр/Ȅ/Ȅфςмп/Ȅоςп/Ȅмрςмс 

The formation of 4 disulfide bonds by the eight cysteines of the domain was first predicted by 

Kulkarni et al. ос and could be confirmed in structural studies on the CFEM domain containing 

protein /ǎŀнотΦ ¢ƘŜ ŘƻƳŀƛƴ Ŏŀƴ ƻŎŎǳǊ ƛƴ ƻƴŜ ƻǊ ƳƻǊŜ ŎƻǇƛŜǎ ƛƴ ŀ ǇǊƻǘŜƛƴΣ ƛǘ ƛǎ ǳǎǳŀƭƭȅ ƭƻŎŀǘŜŘ 

ŀǘ ǘƘŜ bπǘŜǊƳƛƴǳǎΦ bπǘŜǊƳƛƴŀƭ ǎƛƎƴŀƭ ǎŜǉǳŜƴŎŜǎΣ ǘǊŀƴǎƳŜƳōǊŀƴŜ ǎǇŀƴǎ ƻǊ DtLπŀƴŎƘƻǊ 

ǎŜǉǳŜƴŎŜǎ ŀǊŜ ƻŦǘŜƴ ƛŘŜƴǘƛŦƛŜŘ ƛƴ /C9a ŘƻƳŀƛƴ ŎƻƴǘŀƛƴƛƴƎ ǇǊƻǘŜƛƴǎосΦ tǊƻǘŜƛƴǎ ǿƛǘƘ ŀ /C9a 

ŘƻƳŀƛƴ ŦǳƭŦƛƭ ŀ ǾŀǊƛŜǘȅ ƻŦ ŦǳƴŎǘƛƻƴǎотςплΦ ! ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ /C9aπǇǊƻǘŜƛƴǎ ǿŀǎ ŘƻƴŜ ōȅ 5ǊΦ ±ƛǘŀƭƛ 

YŀƭǳƎƛƴ Ǿƛŀ ŀ {ŜǉǳŜƴŎŜ {ƛƳƛƭŀǊƛǘȅ bŜǘǿƻǊƪ ό{{bύΦ Lǘ ƛǎ ǎƘƻǿƴ ƛƴ Figure 3 ŀƴŘ ǊŜǾŜŀƭǎ ǾŀǊƛƻǳǎ 

ŦŀƳƛƭƛŜǎ ƻŦ /C9a ŘƻƳŀƛƴ ŎƻƴǘŀƛƴƛƴƎ ǇǊƻǘŜƛƴǎΦ ¢ƘŜǎŜ ŀƭǎƻ ŘƛŦŦŜǊ ƛƴ ŦǳƴŎǘƛƻƴ ŀƴŘ ŘƻƳŀƛƴ 

ŀǊŎƘƛǘŜŎǘǳǊŜпмΦ 
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Figure 3: SSN of proteins with a CFEM-domain, created by Dr. Vitali Kalugin41 

¢ƘŜ {{b όŎǊŜŀǘŜŘ ōȅ 5ǊΦ ±ƛǘŀƭƛ YŀƭǳƎƛƴύ ǎƘƻǿǎ ŘƛŦŦŜǊŜƴǘ ŦŀƳƛƭƛŜǎ ƻŦ ǇǊƻǘŜƛƴǎ ǿƛǘƘ ŀ /C9a ŘƻƳŀƛƴΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ 

ŘƻƳŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ǘƘŜ ŦŀƳƛƭƛŜǎ ƛǎ ƎƛǾŜƴΦ tǊƻǘŜƛƴ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǎƻ ŎŀƭƭŜŘ ϦƴƻŘŜǎϦ ƛƴ ǘƘŜ 

ƴŜǘǿƻǊƪΣ ǘƘŜƛǊ ǊŜƭŀǘƛƻƴǎƘƛǇ ǘƻ ŜŀŎƘ ƻǘƘŜǊ ƛǎ ƛƴŘƛŎŀǘŜŘ ōȅ ϦŜŘƎŜǎϦΣ ǿƘƛŎƘ ŀǊŜ ŘŜǇƛŎǘŜŘ ŀǎ ƭƛƴŜǎΦ ¢ƘŜ ŘƛǎǘŀƴŎŜ 

ōŜǘǿŜŜƴ ǘǿƻ ǇǊƻǘŜƛƴ ǎŜǉǳŜƴŎŜǎ ƛǎ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ .[!{¢ 9πǾŀƭǳŜΥ LŦ ŀ ŎŜǊǘŀƛƴ 9πǾŀƭǳŜ ŎǳǘƻŦŦ ƛǎ ŜȄŎŜŜŘŜŘΣ ƴƻ ŜŘƎŜ 

ƛǎ ŘƛǎǇƭŀȅŜŘΦ ¢ƘŜ ƭƻǿŜǊ ǘƘŜ 9πǾŀƭǳŜ όŀƴŘ ǘƘǳǎ ǘƘŜ ƳƻǊŜ ǎƛƳƛƭŀǊ ǘǿƻ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǘƻ ŜŀŎƘ ƻǘƘŜǊύΣ ǘƘŜ ŎƭƻǎŜǊ 

ǘƻƎŜǘƘŜǊ ǘǿƻ ƴƻŘŜǎ ŀǊŜΦ ¢ƘŜ ŦŀƳƛƭƛŜǎ /Ŏǿмп όƭƛƎƘǘ ƎǊŜŜƴύ ŀƴŘ aŀŘм όƭƛƎƘǘ ȅŜƭƭƻǿύ ŀǊŜ ŦǳǊǘƘŜǊ ŀǿŀȅ ŦǊƻƳ ǘƘŜ Ƴŀƛƴ 

ōƻŘȅ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴǎ ǘƘŀǘ ŦƻǊƳ ǘƘŜ ƴŜǘǿƻǊƪΦ Following other families could be identified in the network: Pth11 

(dark blue), Pga7 (orange) and Cfma (bright yellow)41. 

 

¢ƘŜ ŦƛǊǎǘ /C9a ŘƻƳŀƛƴ ŎƻƴǘŀƛƴƛƴƎ ǇǊƻǘŜƛƴǎ ǘƘŀǘ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ŀǊŜ /Ŏǿмп ό/ƻǾŀƭŜƴǘƭȅπƭƛƴƪŜŘ 

ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴ мпΣ ŦƻǊƳŜǊƭȅ ƪƴƻǿƴ ŀǎ LŎǿǇύ ŦǊƻƳ {Φ ŎŜǊŜǾƛǎƛŀŜ ŀƴŘ !Ŏƛм όaŀŎм ƛƴǘŜǊŀŎǘƛƴƎ 

ǇǊƻǘŜƛƴ мύ ŦǊƻƳ ǘƘŜ ǊƛŎŜ ōƭŀǎǘ ŦǳƴƎǳǎ aŀƎƴŀǇƻǊǘƘŜ ƻǊȅȊŀŜофΣпнΦ /Ŏǿмп ƛǎ ŀ ǎƳŀƭƭ όноу !!ύ 

DtLπ/²tǎΣ ǿƘƛŎƘ ƛǎ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ƳŀƛƴǘŜƴŀƴŎŜ ƻŦ ŎŜƭƭ ǿŀƭƭ ƛƴǘŜƎǊƛǘȅΦ Lǘ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ǎƛƎƴŀƭ 

ǇŜǇǘƛŘŜΣ ǘƘŜ /C9a ŘƻƳŀƛƴ ŀƴŘ ŀ DtL ŀƴŎƘƻǊ ŀǘǘŀŎƘƳŜƴǘ ǎŜǉǳŜƴŎŜофΦ !Ŏƛм ǎƘƻǿǎ ǘƘŜ ǎŀƳŜ 

ŘƻƳŀƛƴ ŀǊŎƘƛǘŜŎǘǳǊŜΤ ƛǘ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ ŀŘŜƴȅƭŀǘŜ ŎȅŎƭŀǎŜ aŀŎмΣ ŀƴ ŜǎǎŜƴǘƛŀƭ ǇƭŀȅŜǊ ƛƴ 

ŀǇǇǊŜǎǎƻǊƛǳƳ ŦƻǊƳŀǘƛƻƴ ƛƴ ǘƘŜ aΦ ƻǊȅȊŀŜ ŀƴŘ ƛǎ ǘƘŜǊŜŦƻǊŜ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǘƘŜ ƻǊƎŀƴƛǎƳΩǎ 

ǇŀǘƘƻƎŜƴƛŎƛǘȅпнΣпоΦ aŜƳōŜǊǎ ƻŦ ǘƘŜ tƎŀт ŦŀƳƛƭȅ ŀǊŜ ǇǊƻǇƻǎŜŘ ǘƻ ōŜ ƛƴǾƻƭǾŜŘ ƛƴ ƘŜƳŜπƛǊƻƴ 

ŀŎǉǳƛǎƛǘƛƻƴ ŦǊƻƳ ƘŜƳƻƎƭƻōƛƴ ƛƴ ǘƘŜ ŎŜƭƭ ǿŀƭƭǎ ƻŦ ŦǳƴƎŀƭ ǇŀǘƘƻƎŜƴǎΦ !ƭǎƻ /ǎŀнΣ ǿƘƛŎƘ ƛǎ 

ǎǘǊǳŎǘǳǊŀƭƭȅ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƛƴ ŎƻƳǇƭŜȄ ǿƛǘƘ ƘŜƳŜΣ ƛǎ ŀ ƳŜƳōŜǊ ƻŦ ǘƘƛǎ ŦŀƳƛƭȅотΦ 
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In this work, the focus will reside on the non-canonical GPCR Pth11, which was shown to be 

important for appressorium formation in M. oryzae40,44. The fungus is one of the most relevant 

plant pathogens worldwide45,46 and its control poses a major challenge46. M. oryzae exhibits a 

remarkable disease cycle that begins with the landing of a conidium on the plant leaf. It forms 

a germ tube, which quickly develops into an infection structure, the so-called appressorium. 

The mature appressorium then develops a penetration peg, which enables the fungus to 

penetrate the plant cell wall. M. oryzae can thereby intrude into the cells of the host plant, 

where hyphae spread, recognizable by lesions on the plant surface. Within 7 days a new 

disease cycle is induced, as these lesions present numerous freshly developed conidia44,45. 

Pth11 has an N-terminal signal peptide to target the protein to the cell membrane, followed 

by the CFEM domain, 7 transmembrane helices, and an unknown cytoplasmic domain40,44. The 

N-ǘŜǊƳƛƴŀƭ /C9a ŘƻƳŀƛƴ ǿŀǎ ǎƘƻǿƴ ǘƻ ōŜ Ǿƛǘŀƭ ŦƻǊ ǘƘŜ ǇǊƻǘŜƛƴΩǎ ŦǳƴŎǘƛƻƴ Ǿƛŀ ǎŜǾŜǊŀƭ 

approaches: first, a deletion of the CFEM domain leads to disruption of appressorium 

formation and therefore also of plant cell infection, as does a disruption of disulfide bonds 

within the domain. /ƻƳǇƭŜƳŜƴǘŀǘƛƻƴ ǿƛǘƘ ǘƘŜ /C9a ŘƻƳŀƛƴ ƻŦ /Φ ŀƭōƛŎŀƴǎ /ǎŀм Ŏŀƴƴƻǘ 

ŎƻƳǇŜƴǎŀǘŜ ŦƻǊ ƭƻǎǎ ƻŦ ǘƘŜ tǘƘмм /C9a ŘƻƳŀƛƴΦ ¢Ƙƛǎ ƻōǎŜǊǾŀǘƛƻƴ ǳƴŘŜǊƭƛƴŜǎ ǘƘŜ ŦǳƴŎǘƛƻƴŀƭ 

ŘƛǾŜǊǎƛǘȅ ƻŦ ŘƛŦŦŜǊŜƴǘ /C9a ŘƻƳŀƛƴǎплΦ tǘƘмм ƛǎ ǘƘƻǳƎƘǘ ǘƻ ǊŜǎǇƻƴŘ ǘƻ ŎŜǊǘŀƛƴ ǎǳǊŦŀŎŜ ŎǳŜǎппΣ 

ōǳǘ ƛǘǎ ƭƛƎŀƴŘ ǊŜƳŀƛƴǎ ǳƴƪƴƻǿƴплΦ wŜŎŜƴǘƭȅΣ ǘƘƛǎ Dt/w ǘȅǇŜ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ǎƘƻǿƴ ǘƻ Ǉƭŀȅ ŀ ǊƻƭŜ 

ƛƴ ǘƘŜ ǾƛǊǳƭŜƴŎŜ ƻŦ CǳǎŀǊƛǳƳ ƎǊŀƳƛƴŜŀǊǳƳΣ ŀ Ǉƭŀƴǘ ǇŀǘƘƻƎŜƴ ǘƘŀǘ ƛƴŦŜŎǘǎ ŎŜǊŜŀƭǎ ŀƴŘ ŎŀǳǎŜǎ 

ǘƘŜ ŘƛǎŜŀǎŜ CǳǎŀǊƛǳƳ ƘŜŀŘ ōƭƛƎƘǘптΦ tǘƘмм ƛǎ ǊŜƎŀǊŘŜŘ ŀǎ ŀ ǇǊƻƳƛǎƛƴƎ ǘŀǊƎŜǘ ŦƻǊ ǘƘŜ 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴƻǾŜƭ ŀƴǘƛŦǳƴƎŀƭ ŀƎŜƴǘǎ ƛƴ ŀƎǊƛŎǳƭǘǳǊŜплΦ 

 

1. 5. Objectives of the thesis 

¢ƘŜ ŦƛǊǎǘ ǇŀǊǘ ƻŦ ǘƘŜ ǘƘŜǎƛǎ ǿƛƭƭ ōŜ ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ ƛƴ 

/Φ ǘƘŜǊƳƻǇƘƛƭǳƳΦ ¢ƘŜ ŦǳƴƎǳǎ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ŀ ǇǊƻƳƛǎƛƴƎ ƳƻŘŜƭ ƻǊƎŀƴƛǎƳ ŦƻǊ 

ōƛƻŎƘŜƳƛŎŀƭ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ǎǘǳŘƛŜǎ ƻŦ ŜǳƪŀǊȅƻǘƛŎ ǇǊƻǘŜƛƴǎ ƻƴ ǎŜǾŜǊŀƭ ƻŎŎŀǎƛƻƴǎмлΣмфΣнлΦ !ƭǎƻ 

ƎŜƴŜǘƛŎ ƳŀƴƛǇǳƭŀǘƛƻƴ ƻŦ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ƛǎ ŦŜŀǎƛōƭŜΣ ǎƻ ǘƘŀǘ ƛǘ Ŏŀƴ ōŜ ǳǎŜŘ ŀǎ ŀ ǎƻǳǊŎŜ ŦƻǊ 

ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜǊƳŀƭƭȅ ǎǘŀōƭŜ ƴŀǘƛǾŜ ƳŀŎǊƻƳƻƭŜŎǳƭŀǊ ŀǎǎŜƳōƭƛŜǎпуΦ IƻǿŜǾŜǊΣ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ƻŦ 

ǘƘŜ ŦǳƴƎǳǎ Ƙŀǎ ƴƻǘ ȅŜǘ ōŜŜƴ ŎƘŀǊŀŎǘŜǊƛȊŜŘΣ ǿƘƛŎƘ ōǊƛƴƎǎ ǳǇ ǘƘŜ ŦƛǊǎǘ Ǝƻŀƭ ƻŦ ǘƘƛǎ ǿƻǊƪΥ ¢ƘŜ ŎŜƭƭ 

ǿŀƭƭ ǇǊƻǘŜƻƳŜ ƻŦ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ƛǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƻ ǊŜǾŜŀƭ ŀǘǘǊŀŎǘƛǾŜ ŎŀƴŘƛŘŀǘŜǎ ŦƻǊ ǘƘŜ 

ōƛƻŎƘŜƳƛŎŀƭ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ /²tǎΦ ¢ƘŜǎŜ Ŏŀƴ ōŜ ǇǊƻǘŜƛƴǎ ƛƴǾƻƭǾŜŘ ƛƴ ŎŜƭƭ 

ǿŀƭƭ ŀǎǎŜƳōƭȅΣ ǊŜƳƻŘŜƭƛƴƎΣ ƻǊ ƛƴǘŜƎǊƛǘȅΣ ǿƘƛŎƘ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ƻŦ ƛƴǘŜǊŜǎǘ ƻŦ ŦǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ 

ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜǎŜ ǇǊƻŎŜǎǎŜǎ ƛƴ ŦǳƴƎƛΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ DtLπŀƴŎƘƻǊŜŘ 

ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƻƳŜ ŎƻǳƭŘ ŀƭǎƻ ǇǊƻǾŜ ǘƻ ōŜ ŀ ǳǎŜŦǳƭ ǘƻƻƭ ŦƻǊ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƴŜǿ ǘŀǊƎŜǘǎ ŦƻǊ 

ŀƴǘƛŦǳƴƎŀƭ ŘǊǳƎǎΦ ¢ƻ ŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ DtLπ ŀƴŘ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƻƳŜΣ ŀ ǇǊŜŘƛŎǘƛƻƴ 

ƻŦ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎ ǿƛƭƭ ōŜ ŘƻƴŜ ǳǎƛƴƎ ōƛƻƛƴŦƻǊƳŀǘƛŎǎ ƳŜǘƘƻŘǎΦ CǳǊǘƘŜǊƳƻǊŜΣ 

/Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭǎ ŀǊŜ ƛǎƻƭŀǘŜŘ ŀƴŘ ŀƴŀƭȅȊŜŘ Ǿƛŀ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΣ ŜƴŀōƭƛƴƎ ǘƘŜ 

ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ DtLπ/²tǎΦ 
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¢ƘŜ ŦƻŎǳǎ ƻŦ ǘƘŜ ǘƘŜǎƛǎ ǿƛƭƭ ǘƘŜƴ ŀŘǾŀƴŎŜ ǘƻ ǎǘǊǳŎǘǳǊŀƭ ŀƴŘ ōƛƻŎƘŜƳƛŎŀƭ ǎǘǳŘƛŜǎ ƻƴ ŎŜǊǘŀƛƴ ŎŜƭƭ 

ǿŀƭƭ ǇǊƻǘŜƛƴǎΥ ŦƛǊǎǘΣ ŀŘƘŜǎƛƴǎ ƻŦ ǘƘŜ !ǿǇ ŦŀƳƛƭȅ ŦǊƻƳ /Φ ƎƭŀōǊŀǘŀ ǿƛƭƭ ōŜ ŀƴŀƭȅȊŜŘΣ ǘƘŜƴ ǘƘŜ 

ƭƛƎŀƴŘπōƛƴŘƛƴƎ /C9a ŘƻƳŀƛƴ ƻŦ ǘƘŜ Dt/w tǘƘмм ŦǊƻƳ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ǿƛƭƭ ōŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘΦ 

aŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊƛŎ ŘŜǘŜŎǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ !ǿǇ ǇǊƻǘŜƛƴǎ ƛƴ ǘƘŜ ŎŜƭƭ ǿŀƭƭǎ ƻŦ ǾŀǊƛƻǳǎ /Φ ƎƭŀōǊŀǘŀ 

ǎǘǊŀƛƴǎ ŀƴŘ ŎƭƛƴƛŎŀƭ ƛǎƻƭŀǘŜǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜȅ Ǉƭŀȅ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊƻƭŜ ƛƴ ǘƘŜ ƛƴŦŜŎǘƛƻƴ ǇǊƻŎŜǎǎннΦ 

!ǿǇм ŀƴŘ !ǿǇоΣ ǿƘƛŎƘ ŀǊŜ ƳŜƳōŜǊǎ ƻŦ ŀŘƘŜǎƛƴ ŎƭǳǎǘŜǊ ±LΣ ǿƛƭƭ ōŜ ǘƘŜ ŦƻŎǳǎ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎΦ ¢ƘŜ 

ǎŜǉǳŜƴŎŜ ƻŦ !ǿǇо ǿŀǎ ƳƛǎŀǎǎŜƳōƭŜŘ ƛƴ ǘƘŜ ƻƭŘŜǊ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ /Φ ƎƭŀōǊŀǘŀ ƎŜƴƻƳŜΣ ǿƘƛŎƘ 

ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ƛƴƛǘƛŀƭ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ǇǊƻǘŜƛƴǎнрΣнтΦ ! ŘŜ ƴƻǾƻ ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ 

/Φ ƎƭŀōǊŀǘŀ ƎŜƴƻƳŜ ƛƴ нлнл ǊŜǾŜŀƭŜŘ ǘǿƻ ǇŀǊŀƭƻƎǎ ƻŦ !ǿǇоΣ ƴŀƳŜŘ !ǿǇоŀ ŀƴŘ !ǿǇоōΦ 

bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ !ǿǇо !πŘƻƳŀƛƴ ǳǎŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪ ǊŜƳŀƛƴŜŘ ǘƘŜ ǎŀƳŜ ŀƴŘ 

ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǘƘŜ ǇŀǊŀƭƻƎ !ǿǇоōΦ ¢ƘŜ ǎŜǉǳŜƴŎŜ ƻŦ !ǿǇм ǊŜƳŀƛƴŜŘ ǳƴŎƘŀƴƎŜŘнтΦ ¢ƘŜ 

ŜŦŦŜŎǘƻǊ ŘƻƳŀƛƴǎ ƻŦ !ǿǇм ŀƴŘ !ǿǇоō ǿƛƭƭ ōŜ ǇǊƻŘǳŎŜŘ ƛƴ 9Φ ŎƻƭƛΣ ǇǳǊƛŦƛŜŘ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭƭȅ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘΦ ¢ƘŜ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ŎƭǳǎǘŜǊ ±L ŀŘƘŜǎƛƴǎ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ǇǊƻǾƛŘŜ ƛƴǎƛƎƘǘǎ ƛƴǘƻ ŀ 

ƴƻǾŜƭ Ŏƭŀǎǎ ƻŦ ŀŘƘŜǎƛƴǎ ƛƴ /Φ ƎƭŀōǊŀǘŀΣ ŀǎ ǘƘŜȅ ƭŀŎƪ ŀƴȅ ǎƛƳƛƭŀǊƛǘȅ ǘƻ ǘƘŜ t!мп ŘƻƳŀƛƴ ŎƻƴǘŀƛƴƛƴƎ 

9Ǉŀ ŦŀƳƛƭȅ ƻŦ ŀŘƘŜǎƛƴǎΦ ! {{b ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ŜƭǳŎƛŘŀǘŜ ǘƘŜƛǊ ǊŜƭŀǘƛƻƴǎƘƛǇ ǘƻ ƻǘƘŜǊ ŀŘƘŜǎƛƴǎ ŀƴŘ 

ǘƻ ǊŜƛƴŦƻǊŎŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ŎŜǊǘŀƛƴ ŀŘƘŜǎƛƴ ŎƭǳǎǘŜǊǎΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŎŀǊōƻƘȅŘǊŀǘŜ ōƛƴŘƛƴƎ ǎǘǳŘƛŜǎ 

ǿƛƭƭ ōŜ ŎƻƴŘǳŎǘŜŘ ƻƴ ǘƘŜ !ǿǇм ŀƴŘ !ǿǇоō !πŘƻƳŀƛƴǎΦ 

/ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ŜǾŜƴ ŀƴƻǘƘŜǊ ŀŘƘŜǎƛƴ ŎƭǳǎǘŜǊ ǿƛƭƭ ōŜ ǇǳǊǎǳŜŘ ōȅ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴΣ 

ǇǳǊƛŦƛŎŀǘƛƻƴ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ ǘƘŜ !πŘƻƳŀƛƴ ƻŦ ǘƘŜ ŎƭǳǎǘŜǊ LLL ŀŘƘŜǎƛƴ !ǿǇмпΦ 

hǘƘŜǊ ƳŜƳōŜǊǎ ƻŦ ǘƘƛǎ ŎƭǳǎǘŜǊΣ ǎǇŜŎƛŦƛŎŀƭƭȅ !ǿǇрκ!ŜŘмΣ ǿŜǊŜ ǎƘƻǿƴ ǘƻ ŀŘƘŜǊŜ ǘƻ ƘǳƳŀƴ 

ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎонΣ ƛƴŘƛŎŀǘƛƴƎ ŀ ŦǳƴŎǘƛƻƴ ƛƴ ǾƛǊǳƭŜƴŎŜΦ 

/ƻƴŎŜǊƴƛƴƎ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ ǿƛǘƘ ŀ /C9a ŘƻƳŀƛƴΣ ǘƘŜ /C9a ŘƻƳŀƛƴ ƻŦ ǘƘŜ Dt/w tǘƘмм ŦǊƻƳ 

/Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ǿƛƭƭ ōŜ ŎƘŀǊŀŎǘŜǊƛȊŜŘΦ ¢ƘŜ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ƻǊǘƘƻƭƻƎǳŜ ǿŀǎ ŎƘƻǎŜƴ ōŜŎŀǳǎŜ 

ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ /C9a ŘƻƳŀƛƴ ŦǊƻƳ aΦ ƻǊȅȊŀŜ tǘƘмм ƛƴ 9Φ Ŏƻƭƛ ŘƛŘ ƴƻǘ ǊŜǎǳƭǘ ƛƴ 

ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǎƻƭǳōƭŜ ǇǊƻǘŜƛƴΦ /ǘtǘƘмм ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ {{b ǇǊŜǎŜƴǘŜŘ ŀōƻǾŜпмΦ ¢ƘŜ 

/ǘtǘƘмм /C9a ŘƻƳŀƛƴ ǿƛƭƭ ōŜ ǇǊƻŘǳŎŜŘ ƛƴ 9Φ ŎƻƭƛΣ ǇǳǊƛŦƛŜŘ ŀƴŘ ǎǘǊǳŎǘǳǊŀƭƭȅ ŀƴŀƭȅȊŜŘΦ ¦ǎƛƴƎ ŀ 

ŦǊŀƎƳŜƴǘ ǎŎǊŜŜƴƛƴƎ ŀǇǇǊƻŀŎƘΣ ƴŜǿ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǇǳǘŀǘƛǾŜ ƴŀǘǳǊŀƭ ƭƛƎŀƴŘǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴ ǿƛƭƭ 

ōŜ ƻōǘŀƛƴŜŘΦ 
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2. Materials 

 

2. 1. Chemicals 

1,5-Pentanediol Sigma 

н-DeoxycytidinŜ р-triphosphate disodium salt (dCTP-Na2) Thermo Fisher 

н-5ŜƻȄȅƎǳŀƴƻǎƛƴŜ р-triphosphate trisodium salt (dGTP-Na3) Thermo Fisher 

2-Bis(2-hydroxyethyl)amino-2-(hydroxymethyl)-1,3-propanediol 

(Bis-Tris) 

Sigma 

3-(N-Morpholino)propanesulfonic acid (MOPS) Roth 

3-Fucosyllactose  

3-O-( -̡D-Galactopyranosyl)-D-galactopyranose Carbosynth 

Acetic acid VWR 

Agar-agar Roth 

Agarose Invitrogen 

Ammonium persulfate (APS) Merck 

Beta glucan (Barley) Megazyme 

Boric acid (H3BO3) Grüssing GmbH 

Bromphenolblue Roth 

Calcium chloride (CaCl2) Fluka 

CM-curdlan Megazyme 

cOmplete Protease Inhibitor Cocktail Roche 

Coomassie brilliant blue R-250 Serva 

Dextrin (potato) Sigma 

Dipotassium phosphate (K2HPO4) Merck 

Dithiothreitol (DTT) Merck 

Erbium(III) chloride (ErCl3)  

Ethanol VWR 

Ethylenediaminetetraacetic acid (EDTA) Merck 

Gadolinium (III) acetate (Gd(OAc)3) Alfa Aesar 

Dŀƭʰм-3Gal Dextra 

Dŀƭʰм-оDŀƭʲм-4Gal Dextra 

Dŀƭʲм-3GalNAc Dextra 

Dŀƭʲм-оDŀƭb!Ŏʲм-пDŀƭʲм-4Glc Dextra 

Dŀƭʲм-3GlcNAc Dextra 

Dŀƭʲм-4GlcNAc Dextra 

Glucosamine Roth 

Glucose Roth 

Glycerol Roth 

Glycine Sigma 
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Hydrochloric acid (HCl) VWR 

Imidazole Merck 

Iron(III) sulfate hydrate (Fe2(SO4)3) Merck 

Isopropanol VWR 

LǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG) Gerbu 

Kanamycin sulfate VWR 

lacto-N-neotetraose  

lacto-N-tetraose  

Laminarin  

Lewisa trisaccharide Dextra 

Magnesium chloride (MgCl2) Merck 

Magnesium sulfate (MgSO4) VWR 

Manganese(II) chloride (MnCl2) Sigma 

Mannopentaose Dextra 

Mannose Merck 

Mannotetraose Dextra 

Midori Green Biozym 

bΣbΩ-diacetylchitobiose Dextra 

Peptone Difco 

Polyethylene glycol 8000 (PEG 8000) Sigma 

Potassium acetate (CH3COOK) Merck 

Rotiphorese Gel 30 (37,5:1) Roth 

Rubidium chloride (RbCl) Sigma 

Saccharose VWR 

Sodium chloride (NaCl) VWR 

Sodium dihydrogen phosphate (NaH2PO4) Merck 

Sodium dodecyl sulfate (SDS) AppliChem 

Sodium hydroxide (NaOH) AppliChem 

Sorbitol Sigma 

Terbium(III) chloride (TbCl3)  

Tetramethylethylenediamine (TEMED) Roth 

Tris(hydroxymethyl)aminomethane (Tris) Roth 

Tryptone Th. Geyer 

Virkon VWR 

Yeast extract Th. Geyer 

Ytterbium(III) chloride (YbCl3)  

ʰмΣн-mannobiose Dextra 

ʰмΣо-mannobiose Dextra 

ʰмΣп-mannobiose Dextra 

ʰмΣс-mannobiose Dextra 

-̡Hydroxy-4-morpholinepropanesulfonic acid (MOPSO)  

-̡mercaptoethanol Roth 
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2. 2. Equipment 

Device Model (Manufacturer) 

Autoclave T-Line (Fedegari) 

Balance PC2200 (Mettler) 

LabStyle 54 (Mettler Toledo) 

Bead mill FastPrep-24 (MP Biomedicals) 

Centrifuge bottles 1L Superspeed CB with sealing (Nalgene) 

JA-20 (Beckman) 

Centrifuge rotors F6S 6x1000Y (Thermo Fisher) 

JA-20 Fixed Angle Rotor (Beckman) 

Centrifuges Centrifuge 5810 R (Eppendorf) 

Heraeus Fresco 21 (Thermo Fisher) 

J2-HS (Beckman) 

Lynx 6000 (Sorvall) 

Chromatography columns HiLoad 26/600 Superdex 200 pg (GE Healthcare) 

HiLoad 16/600 Superdex 200 pg (GE Healthcare) 

HiLoad 26/600 Superdex 75 pg (GE Healthcare) 

HiLoad 16/600 Superdex 75 pg (GE Healthcare) 

Protino Ni-NTA Column 5 mL (Macherey-Nagel) 

Chromatography system NGC Chromatography System (Bio-Rad) 

Crystallization plate 

documentation 

Rock Imager (Formulatrix) 

Crystallization robot Honeybee 963 (Digilab) 

Electrophoresis chambers (Feinmechanische Werkstatt, Chemistry department, PUM) 

Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad) 

Gel documentation Computer E.A.S.Y. (UVP) 

Thermal printer UP-D 895 (Sony) 

UV-transilluminator (Herolab) 

Heating block BT3 (Grant Instruments) 

Incubators Certomat IS (Sartorius) 

FED-53 (Binder) 

Innova S44i (Eppendorf) 

Multitron (InforsHT) 

Microfluidizer Emulsifier C5 (Avestin) 

Microscopes B601 (Olympus) 

MZ 8 (Leica) 

Microwave (LG) 

MilliQ water dispenser Seralpur Pro90CN (Seralpur) 

Peristaltic pump Pump drive 5201 (Heidoph) 

pH meter HI2020 edge (Hanna Instruments) 

Pipets Research variable 100 ς 1000 µL (Eppendorf) 
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Research variable 20 ς 200 µL (Eppendorf) 

Research variable 10 ς 100 µL (Eppendorf) 

Research variable 1 ς 10 µL (Eppendorf) 

Research plus variable 0.1 ς 2.5 µL (Eppendorf) 

Power Boxes EPS 301 (Amersham Biosciences) 

Spectrometers NanoDrop 800 Spectrophotometer (Thermo Fisher) 

OD 600 (Implen) 

Spin concentrators Amicon Ultra-15 (3 ς 30 kDa MWCO) (Millipore) 

Thermocycler GeneAmp PCR System 2400 (Perkin Elmer) 

Rotor-Gene Q (Qiagen) 

Thermomixer Comfort (Eppendorf) 

Waterbath NK22 (Haake) 

X-ray sources/beamlines Beamlines ID23-1/2, ID29 (ESRF, Grenoble) 

Beamlines X06SA (PXI), X06DA (PXIII) (SLS, Villigen) 

 

2. 3. Commercial kits, enzymes, and consumables 

Crystallization and Fishing 

Equipment 

EasyXtal 15-Well Tools (Qiagen) 

MRC 2 Well UVP (Swissci) 

VIEWseal (Greiner BIOone) 

Crystallization Screens NeXtal Tubes JCSG Core I Suite (Qiagen) 

NeXtal Tubes JCSG Core II Suite (Qiagen) 

NeXtal Tubes JCSG Core III Suite (Qiagen) 

NeXtal Tubes JCSG Core IV Suite (Qiagen) 

NeXtal Tubes AmSO4 Suite (Qiagen) 

NeXtal Tubes Classics Suite (Qiagen) 

Morpheus (Molecular Dimensions) 

Morpheus II (Molecular Dimensions) 

Cuvettes (single use) 67.724 (Sarstedt) 

DNA Ladder 1 kb DNA Ladder (NEB) 

DNA-Ligase T4 DNA Ligase (NEB) 

DNA-Polymerase Phusion Polymerase (2U/µL) (NEB) 

Phusion HF-Buffer (5x) (NEB) 

Gel extraction kit QIAquick Gel Extraction Kit (Qiagen) 

Miniprep kit QIAprep Spin Miniprep Kit (Qiagen) 

PCR purification kit QIAquick PCR Purification Kit (Qiagen) 

Pipet tips (Sarstedt) 

Protein Ladder Pierce Unstained Protein MW Marker (Fermentas) 

Reaction tubes (Sarstedt) 

Restriction Enzymes BamHI (NEB) 

EcoRI-HF (NEB) 
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HindIII-HF (NEB) 

NheI-HF (NEB) 

SspI-HF (NEB) 

CutSmart (10x) (NEB) 

Sterile filters Bottle-top filters (Millipore) 

Filtropur S 0.2 (Sarstedt) 

Filtropur S 0.45 (Sarstedt) 

Ultrafree-MC (Millipore) 

Sypro Orange SYPRO Orange Protein Gel Stain (Thermo Fisher) 

 

2. 4. Oligonucleotides, vectors, and DNA 

нΦ пΦ мΦ [ƛǎǘ ƻŦ ƻƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ ǳǎŜŘ ŦƻǊ ƎŜƴŜ ŀƳǇƭƛŦƛŎŀǘƛƻƴ 

Table 1: List of primers used for amplification (restriction sites underlined, overlaps used for LIC bold) 

Name {ŜǉǳŜƴŎŜ όрΩ ς оΩύ Target 

ScEcm33 21 - 360 fwd CATGGCTAGCAACTCAACTACTTCTATTCCAT pET-28a(+) 

ScEcm33 21 - 360 rev AGTAAGCTTTTACTTAACGGAGGTAGATGTGGCA pET-28a(+) 

ScPst1 20 - 357 fwd AGCTGCTAGCGCTACTTCCTCTTCTTCCAGCAT pET-28a(+) 

ScPst1 20 - 357 rev AGTGGATCCTTAGGATGATGCACCATTTTTGCA pET-28a(+) 

ScEcm33 35 - 148 fwd ATAAGCTAGCACTTCTGCCACTGCTACTGCTCA pET-28a(+) 

ScEcm33 35 - 148 rev AGTAAGCTTTTAGTCAGAAACAATAATGTTGTT pET-28a(+) 

CaPst1 25 - 351 fwd ATAAGCTAGCAACAAATGTTCATTCTCTAAAACTT pET-28a(+) 

CaPst1 25 - 351 rev AGTAAGCTTTTAATGAGTACAAACATAATTGTGACCT pET-28a(+) 

CgEcm33 21 - 357 fwd ATAAGGATCCACATCTGACGATGTTCCATCTGGG pET-28a(+) 

CgEcm33 21 - 357 rev ATTAAGCTTTTAAGTAGCACCGTTCTTGCAGACGAA pET-28a(+) 

KpEcm33 35 - 360 fwd TGCAGCTAGCATTTCAATTGCATCTGGATGTAGT pET-28a(+) 

KpEcm33 35 - 360 rev AATGGATCCTTAAGCAGCAGAGCACTGATACTCA pET-28a(+) 

CaEcm33 32-360 fwd ATGCGCTAGCAAATCTGAATGTTCATTCAAAGATTTC pET-28a(+) 

CaEcm33 32-360 rev ATGCAAGCTTTTAGGTTTGTCTGTCTTCACATTGGAATT pET-28a(+) 

CaPst1 24-354 fwd ATACGCTAGCTCAAACAAATGTTCATTCTCTAAA pET-28a(+) 

CaPst1 24-354 rev AGTAAGCTTTTAATTAGCTGGATGAGTACAAACA pET-28a(+) 

ScEcm33 21-160 rev AGTAAGCTTTTACAAAGTGGAGAAACCTTCGACACTT pET-28a(+) 

CtEcm33 fwd CAGAGGATCCAGCTGCAAGGCGACGACGACGACT pET-28a(+) 

CtEcm33 rev CAGTAAGCTTTTAGGCAGCAGCGTTGTCGCTCGTGCAG pET-28a(+) 

G0RYL2 fwd ATGCGCTAGCACCGACTTCCCGCCCAACA pET-28a(+) 

G0RYL2 rev AGCTGGATCCTTACGCAAGAATGCCACCGCAAAAGC pET-28a(+) 

G0S002 fwd ATGCGCTAGCGAGGCTTCTTCTAGTGTCAG pET-28a(+) 

G0S002 rev AGCTGGATCCTTAAGCCCACTTGCCGCAGATGCCCTG pET-28a(+) 

G0S3S8 fwd ACGAGCTAGCGACGCCCAGCCCACTCTTCCT pET-28a(+) 

G0S3S8 rev AGCTGGATCCTTAAGCAGTCGGCAGATCGCTCACTT pET-28a(+) 

G0S9T6 fwd ACGAGCTAGCCAGTCTATTGACACCCTTGACCCCT pET-28a(+) 

G0S9T6 rev AGCTGGATCCTTAAGCAGGGGAGGGAGCCGCAGTGA pET-28a(+) 
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G0SBA5 fwd ACGAGCTAGCAGCACCACTGCCACGGCTACCTC pET-28a(+) 

G0SBA5 rev AGCTGGATCCTTAGGCCGGTGTGACGGCAACGCAAT pET-28a(+) 

G0SBE2 fwd ACGAGCTAGCGTCGATGCCCCCGGATCGCTGTTGT pET-28a(+) 

G0SBE2 rev AGCTGGATCCTTAGCTCTTTGGCGTGACACCGCACAT pET-28a(+) 

G0SDR6 fwd ACGAGCTAGCGACCCAATTCCCTCTGCCGCGGT pET-28a(+) 

G0SDR6 rev AGCTGGATCCTTAGTTGAGAACACAGTCGCAGACCTT pET-28a(+) 

Awp6 fwd ATGCGGATCCATCGAACCAACAACCACGCTA pET-28a(+) 

Awp6 rev ATCGGAATCCCTACCAGGCAGTAACAATACCTG pET-28a(+) 

ScEcm-LIC fwd TACTTCCAATCCAATGCAAACTCAACTACTTCTATTCCAT pET-LIC 

ScEcm-LIC rev TTATCCACTTCCAATGTTATTACTTAACGGAGGTAGATGTGGCA pET-LIC 

CtEcm-LIC fwd TACTTCCAATCCAATGCAAGCTGCAAGGCGACGACGACGA pET-LIC 

CtEcm-LIC rev 
TTATCCACTTCCAATGTTATTAGGCAGCAGCGTTGTCGCTCGTG

C 
pET-LIC 

Awp1 I165M fwd AATACAGGCACAATGAATTACGAAAGT SDM 

Awp1 I165M rev ACTTTCGTAATTCATTGTGCCTGTATT SDM 

Awp1 I285M fwd ACACAGACAGGTATGCTTACTGTTACC SDM 

Awp1 I285M rev GGTAACAGTAAGCATACCTGTCTGTGT SDM 

 

Genomic DNA (gDNA) from S. cerevisiae (Sc), C. albicans (Ca), C. glabrata (Cg) and 

Komagataella phaffii (Kp) were used as templates for amplification of the desired genes. gDNA 

is the complete chromosomal DNA of an organism, containing introns and exons. Primers were 

therefore designed with care to avoid introduction of noncoding sequences into the final 

expression construct. 

As the thermophilic fungus C. thermophilum (Ct) contains a high number of introns, usage of 

gDNA as a template for gene amplification is not applicable. Therefore, complementary DNA 

(cDNA) of C. thermophilum was used in this work. The preparation of cDNA is achieved by 

ƛǎƻƭŀǘƛƻƴ ƻŦ ǘƘŜ ƻǊƎŀƴƛǎƳΩǎ ŎƻƳǇƭŜǘŜ wb!Σ ǿƘƛŎƘ ƛǎ ǎǳōǎŜǉǳŜƴǘƭȅ ŀƳǇƭƛŦƛŜŘ Ǿƛŀ wŜǾŜǊǎŜ 

Transcriptase (RT)-Polymerase chain reaction (PCR) using poly-A primers. In this step only the 

polyadenylated messenger RNA (mRNA) is amplified, thus cDNA only contains sequences of 

proteins that are transcribed. C. thermophilum cDNA used in this work was received from two 

sources: as a generous gift from Dr. Patrick Pausch and by isolation of cDNA, executed by 

Christin Schulz. 

 

нΦ пΦ нΦ Ǉ9¢πнуŀόҌύ 

The pET vectors are used for the recombinant overproduction of target proteins in E. coli. They 

were originally developed by Studier and Moffat49 and can currently be acquired from 

Novagen. pET-28a(+) is a translation vector, accordingly no ribosome binding site needs to be 

inserted, but the vector contains the ribosome binding site from the phage T7 major capsid 

protein. Thus, combination with a suitable E. coli strain (a T7 expression host) is essential. The 

protein expression is also controlled by the lac operator, which facilitates induction of protein 
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expression by addition of lactose or its structural analogue IPTG to the ŎŜƭƭΩǎ growth medium. 

pET-28a(+) also contains a kanamycin resistance cassette, allowing application of selective 

pressure by addition of kanamycin to the growth medium. The origin of replication (ori) 

ensures that the vector can be copied by the cell. With pET-28a(+) being a low copy plasmid, 

around 15 ς 20 copies per cell are produced. 

Target sequences are inserted into the multiple cloning site of the vector, which contains a 

variety of restriction enzyme target sites. This ensures that appropriate restriction enzymes 

can be chosen for cloning. An N-terminal His6-Tag, followed by a thrombin cleavage site, and 

a C-terminal His6-Tag are encoded next to the multiple cloning site and can be added to the 

target protein as desired. 

In this work, an N-terminal His6-Tag was added to target proteins that were cloned into 

pET28-28a(+). The plasmid map of pET28a_Awp1A is shown below as an example. 

 

 

Figure 4: Visualization of pET28a_Awp1 as an example of a plasmid map created in this work 
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нΦ пΦ оΦ Ǉ9¢πǾŜŎǘƻǊǎ ŘŜǎƛƎƴŜŘ ŦƻǊ [ƛƎŀǘƛƻƴ LƴŘŜǇŜƴŘŜƴǘ /ƭƻƴƛƴƎ ό[L/ύ 

Vectors containing an N-terminally His6 tagged solubility tag, followed by a TEV cleavage site 

and a LIC cloning site were acquired via Addgene from the Scott Gradia laboratory. Target 

proteins cloned into those vectors therefore have an N-terminal His6-Tag enabling purification 

via IMAC, as well as a solubility tag, which can both be removed via cleavage with TEV 

protease. The LIC cloning site itself is the same in all three vectors, making the inserts 

compatible with each of them. Following Addgene vectors were used: pET His6 GST TEV LIC 

cloning vector (1G) (Plasmid #29655), pET His6 MBP TEV LIC cloning vector (1M) (Plasmid 

#29656), pET His6 Mocr TEV LIC cloning vector (1O) (Plasmid #29658). 

Glutathione S-transferase (GST) and maltose binding protein (MBP) are commonly used 

solubility tags, which also facilitate binding to certain columns and can therefore be used for 

affinity purification. With a size of 13.8 kDa, monomeric Ocr (Mocr) is the smallest of those 

three tags and does not confer binding to a specific column matrix50. Thus, the N-terminal 

His6-Tag encoded on the LIC vector is indispensable for affinity purification in this construct. 

 

нΦ пΦ рΦ tƭŀǎƳƛŘǎ ǳǎŜŘ ƛƴ ǘƘƛǎ ǿƻǊƪ 

Table 2: List of plasmids that were used in this work 

Name Comments 

pET28a_ScEcm33  

pET28a_CgEcm33  

pET28a_KpEcm33  

pET28a_CaEcm33  

pET28a_CaPst1  

pET28a_CtEcm33  

pET28a_G0SBA5  

pET28a_G0S9T6 Pga7 

pET28a_G0SBE2 Pth11 

pET28a_CtPth11 36-101 received by Dr. Vitali Kalugin 

pET28a_CtMad1 391-453 received by Dr. Vitali Kalugin 

pET28a_Awp1  

pRSETa_Awp1 received by Dr. Piet de Groot 

pET28b_Awp2 received by Dr. Piet de Groot 

pET28a_Awp3  

pRSETa_Awp3 received by Dr. Piet de Groot 

pET28b_Awp4 received by Dr. Piet de Groot 

pRSETa_Awp2 received by Dr. Piet de Groot 

pRSETa_Awp4 received by Dr. Piet de Groot 

pRSETa_Awp5 received by Dr. Piet de Groot 

pET28a_Awp5  

pRSETa_Awp6 received by Dr. Piet de Groot 
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pRSETa_Awp7 received by Dr. Piet de Groot 

pET28a_Awp7  

pET28a_Awp8 received by Dr. Piet de Groot 

pET28a_Awp9 received by Dr. Piet de Groot 

pET28a_Awp10 received by Dr. Piet de Groot 

pRSETa_Awp12 received by Dr. Piet de Groot 

pET28a_Awp12  

pET28a_Awp13 received by Dr. Piet de Groot 

pET28b_Awp14 received by Dr. Piet de Groot 

pET28a_Awp6  

pET28a_Awp1 I165M I285M 'SeMet' 

Mocr-pET_ScEcm33  

Mocr-pET_Awp2  

Mocr-pET_Awp4  

Mocr-pET_Awp9  

MBP-pET_ScEcm33  

MBP-pET_CtEcm33  

MBP-pET_Awp2  

MBP-pET_Awp4  

MBP-pET_Awp9  

MBP-pET_Awp10  

GST-pET_ScEcm33  

GST-pET_CtEcm33  

GST-pET_Awp2  

GST-pET_Awp4  

GST-pET_Awp8  

GST-pET_Awp9  

GST-pET_Awp10  

pBC542_empty received by Dr. Piet de Groot 

pEH070_Awp3 received by Dr. Piet de Groot 

 

Numerous plasmids were created for the overproduction of fungal proteins in E. coli. Plasmids 

that resulted in successful production and purification of the protein are written in bold, yeast 

plasmids in italics. The sequences of all plasmids used in this work were verified via 

sequencing. 
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2. 5. Organisms 

нΦ рΦ мΦ 9ǎŎƘŜǊƛŎƘƛŀ Ŏƻƭƛ 5Iр h

Genotype: F- 80lac½ɲaмр ɲόlacZYA-argF) U169 recA1 endA1 hsdR17(rk-, mk+) phoA supE44 

thi-1 gyrA96 rel!м ˂- 

E. coli DH5h  όInvitrogen) have a high plasmid replication rate. Accordingly, the strain is well 

suited for the production of plasmids. Accordingly, chemically competent E. coli 5Iрʰ were 

used for this purpose. 

 

нΦ рΦ нΦ 9ǎŎƘŜǊƛŎƘƛŀ Ŏƻƭƛ .[нм ό59оύ DƻƭŘ 

Genotype: F- ompT gal dcm lon hsdSB(rB-mB-) (˂DE3 [lacI lac UV5-T7p07 ind1 sam7 nin5]) 

[malB+]K-12(˂ S) 

E. coli BL21(DE3) Gold (Invitrogen) is one of the standard strains used for heterologous 

production of proteins using the T7 expression system. Chemically competent cells from this 

strain were used for production of proteins that do not contain any disulfide bonds. 

 

нΦ рΦ оΦ 9ǎŎƘŜǊƛŎƘƛŀ Ŏƻƭƛ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ 

Genotype: fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal ˂att::pNEB3-r1-cDsbC (SpecR, lacIq) ɲtrxB 

sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10 --TetS) endA1 ɲgor 

ɲ(mcrC-mrr)114::IS10 

E. coli SHuffle T7 Express (Invitrogen) is a strain designed for heterologous production of 

proteins containing disulfide bonds using the T7 expression system. Disulfide bond formation 

is enabled by the deletion of gor and trxB and introduction of the disulfide isomerase DsbC. 

 

нΦ рΦ пΦ /ƘŀŜǘƻƳƛǳƳ ǘƘŜǊƳƻǇƘƛƭǳƳ 5a{½ bƻΦΥ мпфр 

The strain C. thermophilum var. thermophilum La Touche 1950 (DMS No.: 1495), originally 

isolated from wheat straw compost in the UK, was used in this work. Fungal spores (dried on 

a filter paper) and cultivation protocols were kindly provided by the group of Prof. Dr. Ed Hurt 

(Heidelberg University Biochemistry Center). 
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2. 6. Software and Algorithms 

Software or algorithm Version (if applicable) 

CCP4i and CCP4i2 software suite51 7.0.067 

PHENIX suite52 1.14-3260 

WinCoot53 0.8.9 

XDS54  

ARP/wARP Webservice55 8.0 

Cytoscape56 3.7.1 

PyMOL 4.5.0 

BLAST57  

Clustal Omega58  

ProtParam59  
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3. Methods 

3. 1. Bioinformatics methods 

Bioinformatics has become an essential tool for practice in biological sciences. It is generally 

understood to be the application of information techniques for organization of biological 

information and understanding it. The field of bioinformatics includes the storage and 

retrieval of information from databases, as well as providing effective ways to computationally 

analyze this information or to carry out predictions60. 

Bioinformatics applications are continuously updated and enhanced, so it is hardly possible to 

keep track of all the latest advancements. Nevertheless, a basic understanding of the 

algorithms commonly used in these applications is beneficial for understanding the results 

and limitations of an application. 

 

оΦ мΦ мΦ tǊŜŘƛŎǘƛƻƴ ƻŦ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎ ƛƴ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ 

The prediction of the GPI-anchored proteins in C. thermophilum depends on three specific 

characteristics: firstly, GPI-anchored proteins contain an N-terminal signal peptide, which 

targets them to the ER, where the GPI-anchor is attached to the protein. Secondly, they do 

not contain any transmembrane helices. Lastly, the GPI anchor ŀǘǘŀŎƘƳŜƴǘ sequence has 

characteristic features and can therefore be recognized9. The workflow used here was done 

together with Dr. Piet de Groot and has already been described in 200311. 

The sequences of all proteins included in version 3.0 of the C. thermophilum genome ς which 

was the newest version of the genome available at the time of the analysis ς were retrieved 

from the National Center for Biotechnology Information (NCBI; 

https://www.ncbi.nlm.nih.gov/) database. 

The presence of the N-terminal signal peptide was analyzed using SignalP 5.0 with Eukarya set 

as an organism group. SignalP 5.0 uses a machine learning approach to recognize signal 

peptides, applying a deep artificial neural network of the recurrent type61. Artificial neural 

networks are widely used for many different applications. They consist of several layers of 

ƴƻŘŜǎ ƻǊ άƴŜǳǊƻƴǎέΣ ǿƘŜǊŜ ŜŀŎƘ ƴŜǳǊƻƴ ƛƴ ŀ ƭŀȅŜǊ ƛǎ ŎƻƴƴŜŎǘŜŘ ǘƻ ŜŀŎƘ ƴŜǳǊƻƴ ƻŦ ǘƘŜ ƴŜȄǘ 

layer. The connections between the neurons propagate information from one layer to the next 

one via a propagation function, which assigns a certain weight to a connection that is 

descriptive for the relative importance. A learning process is used to define the weights of the 

connections. There is a wide variety of neural network architectures (see 

https://www.asimovinstitute.org/neural-network-zoo/). In recurrent networks, such as the 

one used in SignalP 5.0, certain layers do not only obtain information from the previous layer, 

they also feed on previous information from themselves. Additionally, the implementation of 
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long/short term memory enables memorizing features from the beginning of a sequence, 

while already classifying positions further downstream62. 

At this point it has to be noted that the presence or absence of a signal peptide does not equal 

secretion of a protein or no secretion. Few proteins are secreted without signal peptides and 

a few have a signal peptide, but are not secreted61. 

Protein sequences, in which a signal peptide was detected by SignalP 5.0 were further 

analyzed for absence of transmembrane helices using TMHMM v. 2.0. As indicated by the 

name, a hidden Markov model (HMM) ς an algorithm well suited for pattern detection ς is 

used for identification of potential transmembrane helices63. As the GPI anchor ŀǘǘŀŎƘƳŜƴǘ 

sequence is usually recognized as a transmembrane helix, C-termini of the proteins were 

ignored in the prediction. 

Protein sequences were then further analyzed for presence of a GPI anchor ŀǘǘŀŎƘƳŜƴǘ 

sequence using the Big-PI Fungal Predictor (http://mendel.imp.ac.at/gpi/fungi_server.html)12. 

In addition, a pattern search was applied for identification of GPI-anchored proteins, using the 

following pattern: [NSGDAC]ς[GASVIETKDLF]ς[GASV]ςX(4,19)ς[FILMVAGPSTCYWN](10)>11. 

 

3. 2. Cell wall extraction and analysis 

оΦ нΦ мΦ /ǳƭǘƛǾŀǘƛƻƴ ƻŦ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ 

C. thermophilum (DMSZ No.: 1495) spores were received as a kind gift by the group of Dr. Ed 

Hurt (Heidelberg University Biochemistry Center). To reactivate spores on a filter paper 50 µL 

CCM medium (composition described below) were pipetted onto the paper, followed by 

incubation for 10 min. The filter paper was then laid onto a CCM agar plate (spore side down), 

which was put into a plastic bag together with a wet towel, sealed tightly and incubated at 

54 °C for 2 days. Subsequently, half a plate was used to inoculate 150 mL CCM medium. 

Therefore, mycelium was cut into small pieces and as much agar as possible was removed. 

Liquid cultures were incubated at 54 °C, 100 rpm, for 1 day. Mycelium was then either 

harvested or used for production of new spores. For harvesting, cells were strained through a 

gauze, then washed with deionized water. The mycelium was then dried by pressing it 

between some sheets of paper towel, frozen in liquid nitrogen and stored at -80 °C. 

Spores were grown on rice agar, which was produced by cooking 75 g of brown rice for 2 h in 

1 L water. 15 g agar were added, the rice broth was filtered through a sieve to remove the rice 

seeds and the volume was refilled to 1 L. Rice agar was filled into beakers (50 mL each) and 

autoclaved. 50 mL rice agar were then inoculated with 2 mL mycelium grown in a liquid 

culture, closed tightly and incubated at 37 °C until black spores could be seen on the surface 

of the agar (at least 7 days). Spores were harvested in 1 M sterile sorbitol by scratching the 

agar surface with a sterile spatula. The presence of spores in the solution was verified by 

microscopy. Spore aliquots were then frozen in liquid nitrogen and stored at ς 80 °C. 
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For the proteomic analyses of the C. thermophilum cell wall, 250 µL spore solution were used 

to directly inoculate 150 mL liquid CCM medium. Cultures were incubated at 54 °C, 100 rpm, 

for 2 days, then harvested and either directly used for cell wall isolation or stored as described 

above. 

CCM medium 

Sucrose 3 g/L 

NaCl 0,5 g/L 

K2HPO4 ϊ о I2O 0,65 g/L 

MgSO4 ϊ т I2O 0,5 g/L 

Fe(III)sulfate-hydrate 0,01 g/L 

Tryptone 5 g/L 

Peptone 1 g/L 

Yeast extract 1 g/L 

Dextrine (potatoe) 

(dissolved in ¼ of the final volume, 

heated, then added to the 

medium) 

15 g/L 

Agar added for plates 20 g/L 

 

оΦ нΦ нΦ /Ŝƭƭ ǿŀƭƭ ƛǎƻƭŀǘƛƻƴ 

Different approaches can be used for the isolation of certain components of the fungal cell 

wall, depending on the intended purpose of the experiments. For example, the exposed 

surface proteins of a cell can be identified by digestion of living cells using proteases, followed 

by identification of the released peptides via mass spectrometry (MS)64. Obviously, cell surface 

άǎƘŀǾƛƴƎέ ŘƻŜǎ ƴƻǘ ȅƛŜƭŘ ƛƴ ŀ ŎƻƳǇƭŜǘŜ ǇƛŎǘǳǊŜ ƻŦ ǘƘŜ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƻƳŜΣ ŀǎ ǎƻƳŜ ǇǊƻǘŜƛƴǎ ŀǊŜ 

not sufficiently exposed to the surface or not digested by the protease for other reasons e. g. 

heavy glycosylation65. In this work, the cell wall material was isolated from broken cells to 

achieve determination of the cell wall proteome of C. thermophilum. The workflow used was 

also described by de Groot et al.66. 

C. thermophilum mycelium was resuspended in 10 mM Tris-HCl, pH 7.5 and divided into 2 mL 

screw-cap cups. Glass beads and 10 µL protease inhibitor (cOmpleteϰ Protease Inhibitor 

Cocktail, Roche) were added. Cells were then lyzed in a FastPrep Homogenizer (MPBio) for 

60 sec, at a speed of 6.5 m/s. Cell lysis was repeated until full breakage of the cells could be 

observed under the microscope; the samples were kept on ice for 5 min after each run. The 

lysate was then extensively washed with 1 M NaCl to remove intracellular contaminants. 

Additionally, the glass beads were removed in this step. Subsequently, 0.5 mL SDS extraction 

buffer (50 mM Tris-HCl, 100 mM EDTA, 150 mM NaCl, 2% SDS, pH 7.8) per 100 mg wet weight 

cell walls ǿŜǊŜ ŀŘŘŜŘΣ ŀǎ ǿŜƭƭ ŀǎ у ҡ[ ʲ-mercaptoethanol per mL of extraction buffer. The 

extraction was done by incubation in a boiling water bath for 10 min; then the cell wall 

material was pelleted 5 min at 1800 g, the supernatant was removed and the extraction step 
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repeated. The treatment of the cell wall material with denaturing and reducing agents is 

intended to remove proteins that are not covalently incorporated into the cell wall65. The 

isolated cell walls were then washed with ddH2O by centrifugation at 1800 g for 5 min, until 

SDS was fully removed. Complete removal of SDS was assessed by the absence of foam 

formation. The cell walls were freeze dried and stored at -20 °C. 

 

оΦ нΦ оΦ aŀǎǎπǎǇŜŎǘǊƻƳŜǘǊƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ƛǎƻƭŀǘŜŘ ŎŜƭƭ ǿŀƭƭǎ 

The proteomic analysis of isolated cell walls was done in the MarMass facility for MS. The 

analysis protocol was outlined with Dr. Uwe Linne. 

The isolated cell walls were resuspended in Urea and proteins were digested by addition of 

Sequencing Grad Modified Trypsin (Serva) and incubated at 37 °C overnight. Peptides were 

desalted and concentrated using Chromabond C18WP spin columns (Macherey-Nagel, Part 

No. 730522). Finally, Peptides were dissolved in 25 µL of water with 5% acetonitrile and 0.1% 

formic acid. 

The mass spectrometric analysis of the samples was performed using an Orbitrap Velos Pro 

mass spectrometer (Thermo Scientific). An Ultimate nanoRSLC-HPLC system (Dionex), 

equipped with a custom end-fritted 50cm x 75µm C18 RP column filled with 2.4 µm beads 

(Dr. Maisch) was connected online to the mass spectrometer through a Proxeon nanospray 

source. 1-15 µL (depending on peptide concentration and sample complexity) of the tryptic 

digest were injected onto a 300µm ID x 1cm C18 PepMap pre-concentration column (Thermo 

Scientific). Automated trapping and desalting of the sample was performed at a flowrate of 

6 µL/min using water/0.05% formic acid as solvent. 

Separation of the tryptic peptides was achieved with the following gradient of water/0.05% 

formic acid (solvent A) and 80% acetonitrile/0.045% formic acid (solvent B) at a flow rate of 

300 nL/min: holding 4% B for five minutes, followed by a linear gradient to 45%B within 30 

minutes and linear increase to 95% solvent B in additional 5 minutes. The column was 

connected to a stainless steel nanoemitter (Proxeon, Denmark) and the eluent was sprayed 

directly towards the heated capillary of the mass spectrometer using a potential of 2300 V. A 

survey scan with a resolution of 60000 within the Orbitrap mass analyzer was combined with 

at least three data-dependent MS/MS scans with dynamic exclusion for 30 s either using CID 

with the linear ion-trap or using HCD combined with Orbitrap detection at a resolution of 

7500. 

Data analysis was performed with Proteome Discoverer 2.4 (Thermo Scientific) with SEQUEST 

as search engine. The search libraries used were the proteome translated from the 

C. thermophilum genome v 3.0 (downloaded from NCBI) and a list of common contaminants 

found in proteome analysis (provided by the MarMass facility). Sequence coverage, number 

of identified peptides, number of unique peptides and Sequest HT score were used to assess 
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the quality of the results. Particularly the Sequest HT score was used for the evaluation, and 

identified proteins with a score below 40 were not included in the further analysis. Finally, the 

identified proteins were sorted manually: Contaminants from other cellular components (e.g. 

cytosol or plasma membrane) were removed from the list of GPI-CWPs and the function of 

each identified protein was assigned by database analysis and other sequence analysis 

methods. 

 

оΦ нΦ пΦ LƳŀƎƛƴƎ ƻŦ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭǎ Ǿƛŀ ¢ǊŀƴǎƳƛǎǎƛƻƴ 9ƭŜŎǘǊƻƴ aƛŎǊƻǎŎƻǇȅ ό¢9aύ 

Transmission electron microscopy (TEM) imaging was used to reveal the cell wall structure of 

C. thermophilum. 

A TEM consists of an electron optical column, a vacuum pump and a sample chamber. The 

electron optical column is kept under vacuum; it contains the electron source ("electron gun"), 

a lens system and a detector. An electron beam is generated by applying heat or a strong 

electric field to a cathode in the electron gun (a tungsten filament or LaB6 cathode). The gun 

also contains an anode, which is a disc with an axial hole. The electrons emerging from the 

cathode are accelerated towards the anode and pass through the central hole at constant 

energy. The energy of the electrons can be controlled by the voltage (often 80 kV - 200 kV) 

applied on the cathode. The electron beam then passes a lens system with magnetic lenses 

inside the electron optical column. The energy and speed of the electrons remain unchanged 

as they pass through the column; only the path is adjusted to focus the beam on the sample, 

which is usually an ultrathin section (less than 100 nm thick) of the specimen. An image can 

be obtained, because electrons are scattered when they hit an atomic nucleus (elastic 

scattering). On leaving the sample, diffracted electrons are shielded by the contrast aperture 

and cannot reach the detector. Visualization is often realized by a fluorescent screen placed 

at the base of the column; charge-coupled device (CCD) cameras are widely used to capture 

images67. 

Well-grown mycelium was used for recording TEM images of C. thermophilum. Fixation, 

embedding, microtomy, and imaging were done by Dr. Thomas Heimerl from the Synmikro 

Electron Microscopy Facility. 
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3. 3. Molecular Biology Methods 

оΦ оΦ мΦ tƻƭȅƳŜǊŀǎŜ /Ƙŀƛƴ wŜŀŎǘƛƻƴ όt/wύ 

The polymerase chain reaction (PCR) is one of the standard methods in molecular biology. It 

constitutes an in vitro method for amplification of specific nucleic acid sequences that has first 

been described by Mullis et al. in 1983. 

It consists of three steps that are repeated in cycles: denaturation, annealing, and elongation. 

In the first step, the template double strand is split into two single strands by heat. Then, 

primers anneal to the flanking regions of the DNA sequence to be amplified. In the elongation 

step, a heat stable polymerase synthesizes the missing complementary strand. The annealed 

primers serve as the starting points for elongation. The execution of these steps in cycles leads 

to an exponential amplification of the desired DNA product, as long as the polymerase is still 

intact and required components are sufficiently available. Usually, 25 to 30 cycles are 

performed68. 

Experimental parameters for PCRs done in this work are shown below. 

 

 Volume or weight 

Template DNA 20 ς 50 ng 

Forward primer (5 µM) 2.5 µL 

Reverse primer (5 µM) 2.5 µL 

Phusion HF-Buffer (5x) 10.0 µL 

Phusion Polymerase (2 U/µL) 0.5 µL 

dNTPs (10 mM each) 1.0 

ddH2O Ad 50 µL 
 

 Temperature Duration  

Initial Denaturation 98 °C 5 min  

Denaturation 98 °C 15 sec 

35 x Annealing 55 ς 58 °C 20 sec 

Elongation 72 °C 15 ς 30 s/kbp 

Final Elongation 72 °C 5 min  

Cool down 4 °C Ð  

 

оΦ оΦ нΦ !ƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ 

Agarose gel electrophoresis is used for separation of nucleic acids based on the size of the 

molecules, using an electric field. The agarose gel provides a matrix, through which smaller 

molecules migrate faster than larger ones. It is covered by a conductive buffer and an electric 

field is applied, causing the negatively charged nucleic acid samples to migrate from the 

cathode to the anode. 
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1% agarose gel were used for analysis of DNA fragments, such as PCR products. The 1% gel 

consists of 0.65 g agarose, which were dissolved in 70 mL TBE buffer (0.1 M Tris, 0.1 M boric 

acid, 2 mM EDTA) by boiling in a microwave. The gel was allowed to cool to approximately 

55 °C, then 2.5 µL Midori green were added and the gel was poured. When the gel was 

completely solidified, 5 µL sample for an analytical run or 45 µL sample for a preparative run 

were applied. The gel was then run at 120 V for 1 h and finally examined on an imager under 

UV illumination. 

 

оΦ оΦ оΦ t/w ǇǳǊƛŦƛŎŀǘƛƻƴ ŀƴŘ ƎŜƭ ŜȄǘǊŀŎǘƛƻƴ 

To ensure that further work with the amplified DNA fragments is not disturbed by 

contaminations ς like nucleotides, primers, enzymes or salts ς the PCR products were purified. 

Kits designed for this purpose are sold by many manufacturers, in this work the QIAquick PCR 

Purification Kit (Qiagen) was used. A buffer containing isopropanol and guanidine 

hydrochloride (PB buffer in the kit) is added to the PCR product. The mixture is then applied 

on a silica matrix, which binds the DNA in the presence of chaotropic agents. An ethanol 

containing buffer (PB) is then used to remove nucleotides, primers, enzymes, and salts. Finally, 

the PCR products can be eluted using a low salt buffer (EB) or water69. 

When specific DNA fragments needed to be extracted from a preparative agarose gel, the 

QIAquick Gel Extraction Kit (Qiagen) was used. First, the desired DNA fragment was carefully 

excised, removing as much agarose gel around the band as possible, while keeping the UV 

exposure time short. The gel piece is dissolved in a guanidine thiocyanate-containing buffer 

(QG) at 50 °C, followed by addition of isopropanol. The sample was then applied to the 

column, washing and elution are done in the same way as for PCR purification. 

Detailed protocols for performing PCR purifications or gel extractions can be found in the 

manufacturer's manual. 

 

оΦ оΦ пΦ 5b!πƳƻŘƛŦƛŎŀǘƛƻƴΥ ŘƛƎŜǎǘƛƻƴ ŀƴŘ ƭƛƎŀǘƛƻƴ 

In a standard cloning procedure, as performed in this thesis, the insertion of a target gene into 

the desired vector requires certain manipulations of the PCR product and the vector: First, 

both are cut with restriction enzymes that produce stick ends. Afterwards, insert and vector 

can be combined using a DNA ligase. 

Specific enzymes serve as tools for these modifications. Endonucleases are able to cleave the 

phosphodiester bonds of the DNA, either non-specifically or at specific sites called restriction 

sites. Such restriction sites typically consist of a palindromic sequence of 4 to 8 bp. Depending 

on the restriction enzyme used, either sticky ends (where one DNA strand has a short 

overhang compared to the other one, e. g. after restriction with EcoRI) or blunt ends (without 

an overhang, e. g. after restriction with SspI) are obtained. Usually, both the insert and the 
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vector are cut with the same restriction enzyme that produces a sticky end. The overhangs 

then have a complementary sequence, giving a specific direction for the introduction of the 

insert. The DNA molecules are then combined using a DNA ligase, which is capable of forming 

ŀ ǇƘƻǎǇƘƻŘƛŜǎǘŜǊ ōƻƴŘ ōŜǘǿŜŜƴ ǘƘŜ рΩ-ǇƘƻǎǇƘŀǘŜ ŀƴŘ ǘƘŜ оΩ-OH group of adjacent 

nucleotides. 

A typical restriction digest is done at 37 °C (depending on the enzymes used) for around 2 h, 

followed by heat inactivation at either 65 °C or 80 °C, depending on the restriction enzyme 

used. The restriction digest has following composition: 

 Volume or weight 

CutSmart buffer (10x) 2 µL 

Restriction enzyme 1 1 µL 

Restriction enzyme 2 1 µL 

DNA 1 µg 

ddH2O ad 20 µL 

 

Ligation was usually done overnight at 16 °C, using T4 DNA ligase. Since the success of a 

ligation depends partially on the insert/vector ratio, a molar ratio of 3:1 was aimed for. The 

composition of the ligation mix is as follows: 

 Volume or weight 

Vector 50 ng 

Insert x 

T4 DNA Ligase 1 µL 

Ligase buffer (10x) 2 µL 

ddH2O ad 20 µL 

 

оΦ оΦ рΦ tǊŜǇŀǊŀǘƛƻƴ ƻŦ ŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎ ŀƴŘ ǇƭŀǎƳƛŘ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ 

Competence is defined as the ability of a cell to take up DNA from its surrounding. Some 

bacteria (e. g. Bacillus subtilis) are naturally competent, others are made competent by 

enhancing their membrane permeability, either physically (by electroporation) or chemically 

(by salt treatment, followed by a heat shock)70,71. E. coli is not a naturally competent organism; 

chemically competent E. coli cells were used in this work. 

For the preparation of competent E. coli, cells from a glycerol stock (as supplied by the 

manufacturer) were plated onto an LB-agar plate, which was incubated overnight at 37 °C. A 

single colony was used to inoculate a 5 mL preculture; the preculture was incubated overnight 

at 37 °C, shaking. 1 mL from the preculture was transferred to 50 mL LB-medium; the cells 

were grown at 37 °C, 225 rpm, until an OD600 or 0.5 ς 0.6 was reached. The cells were then 

harvested by centrifugation at 3200 g, 4 °C, for 15 min. The supernatant was carefully 

removed; the pellet was resuspended in 15 mL sterile TBF-I buffer on ice. The cells were then 

pelleted again and the cell pellet was resuspended in 2 mL TFB-II buffer. 50 µL aliquots were 
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prepared and rapidly frozen in liquid nitrogen. The competent cells were then stored at ς 80 °C 

for further use. 

TBF-I  

Rubidium chloride (RbCl) 100 mM 

Manganese(II) chloride (MnCl2) 50 mM 

Potassium acetate (/Iї/hhYύ 30 mM 

Calcium chloride dihydrate (CaCl2 ϊ н I2O) 10 mM 

Glycerol 15% (v/v) 

 

TBF-II  

Rubidium chloride (RbCl) 10 mM 

Calcium chloride dihydrate (CaCl2 ϊ н I2O) 10 mM 

MOPS 10 mM 

Glycerol 15% (v/v) 

 

For the transformation of plasmids into competent E. coli, a 50 µL aliquot was thawed on ice 

and approximately 50 ng DNA were added. Transformation of a ligation was done with 10 µL 

ligation mix. Cells were then incubated on ice for 30 min, subjected to a 45 sec heat shock at 

42 °C and cooled on ice for approximately 2 min. 1 mL LB medium was added and competent 

E. coli were allowed to recover at 37 °C for around 1 h. Recovered cells were pelleted at 3500 g 

for 2 min, 900 µL supernatant were removed and the pellet was resuspended in the remaining 

LB medium. The cells were then plated onto an LB agar plate containing the appropriate 

antibiotics and incubated overnight at 37 °C. 

 

LB medium  LB agar 

Tryptone 10 g/L  Tryptone 10 g/L 

Yeast extract 5 g/L  Yeast extract 5 g/L 

NaCl 10 g/L  NaCl 10 g/L 

NaOH (10 M) 400 µL/L  NaOH (10 M) 400 µL/L 

   Agar 15 g/L 

 

оΦ оΦ сΦ tƭŀǎƳƛŘ ǇǊŜǇŀǊŀǘƛƻƴ 

Plasmids are ς usually circular ς DNA molecules within a cell that do not belong to the 

chromosome of the organism ς i. e. they are extrachromosomal. After transformation they 

remain in the cytosol of E. coli, as long as a selective pressure is present. In this work, plasmids 

providing resistance against certain antibiotics, in most cases kanamycin, were used. 

Additionally, they are replicated in E. coli, which makes the plasmid preparation a convenient 

tool for multiplication of desired plasmids72. 



  3. Methods 

31 
 

5 mL LB medium containing the appropriate antibiotics were inoculated with a single colony 

from a transformation plate and incubated overnight at 37 °C, 225 rpm. The plasmid 

preparation was then performed according to the manual provided with the QIAprep Spin 

Miniprep Kit (Qiagen), which is based on the alkaline extraction procedure, described by 

Birnboim and Doly73. In brief, the cells were pelleted and then thoroughly resuspended in a 

buffer containing EDTA and RNaseA (P1). Alkaline lysis was then achieved by addition of buffer 

P2, which consists of NaOH and SDS and also serves the denaturation of proteins and high 

molecular weight DNA. Addition of a third buffer (N3) then leads to neutralization of the 

solution by potassium acetate and facilitation of DNA binding to the silica matrix by guanidine 

hydrochloride. The mixture is centrifuged at 17000 g for 10 min, leaving the plasmid DNA in 

the supernatant. The supernatant is applied to a silica matrix, washed with an ethanol 

containing buffer and finally eluted in elution buffer (EB) or water. 

A detailed protocol for performing the plasmid preparation can be found in the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƳŀƴǳŀƭΦ 

 

оΦ оΦ тΦ {ƛǘŜπŘƛǊŜŎǘŜŘ ƳǳǘŀƎŜƴŜǎƛǎ ό{5aύ 

Site-directed mutagenesis (SDM) is a method for introduction of specific changes in the 

nucleotide sequence of a plasmid. The mutations are introduced during a PCR, in which 

forward and reverse primers completely overlap and the desired nucleotide change is located 

in their center. The entire plasmid is copied in the elongation step of the PCR, with the primers 

used as the starting point. Copies of the plasmid therefore contain the mutation and serve as 

templates for the following rounds of PCR (in addition to the original template). To eliminate 

plasmids that do not contain the desired mutation, the PCR mix is digested with DpnI, a 

restriction endonuclease that degrades methylated DNA74. 

A double mutant of Awp1 (I165M, I285M) was created for attempts to determine the 

structure. The mutations were introduced in succession via SDM, using a protocol based on 

the one described by Bachman74. Composition of PCR mixture and the thermocycler program 

are shown below. 

 

 Volume or weight 

Template Plasmid 10 ng 

Forward primer (5 µM) 1 µL 

Reverse primer (5 µM) 1 µL 

Phusion HF-Buffer (5x) 10.0 µL 

Phusion Polymerase (2 U/µL) 0.5 µL 

dNTPs (10 mM each) 1.0 

ddH2O Ad 50 µL 
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 Temperature Duration  

Initial Denaturation 98 °C 5 min  

Denaturation 98 °C 30 sec 

18 x Annealing 55 °C 30 sec 

Elongation 72 °C 210 sec 

Final Elongation 72 °C 5 min  

Cool down 4 °C Ð  

 

After completion of the PCR, 1 µL DpnI was added to the mixture and digestion was performed 

for 1 h at 37 °C, followed by heat inactivation for 20 min at 60 °C. The plasmids were purified 

using the QIAquick PCR Purification Kit (Qiagen), analyzed via agarose gel electrophoresis and 

transformed into E. coli 5IрʰΦ {ǳŎŎŜǎǎ ƻŦ ǘƘŜ {5a ǿŀǎ ŀǎǎŜǎǎŜŘ ōȅ ǎŜǉǳŜƴŎƛƴƎΦ 

 

оΦ оΦ уΦ [ƛƎŀǘƛƻƴπLƴŘŜǇŜƴŘŜƴǘ /ƭƻƴƛƴƎ ό[L/ύ 

Lƴ [ƛƎŀǘƛƻƴκ[ƛƎŀǎŜπLƴŘŜǇŜƴŘŜƴǘ /ƭƻƴƛƴƎ ό[L/ύΣ ǘƘŜ оΩ ς рΩ ŜȄƻƴǳŎƭŜŀǎŜ ŀŎǘƛǾƛǘȅ ƻŦ ¢п 5b! 

tƻƭȅƳŜǊŀǎŜ ǳǘƛƭƛȊŜŘ ǘƻ ƎŜƴŜǊŀǘŜ ŀƴ ƻǾŜǊƭŀǇ ƻŦ ŀǊƻǳƴŘ мр ōŀǎŜ ǇŀƛǊǎ ōŜǘǿŜŜƴ ǾŜŎǘƻǊ ŀƴŘ ƛƴǎŜǊǘΦ 

¢ƘŜ ƻǾŜǊƭŀǇ ƛǎ ŎǊŜŀǘŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ Ř/¢tκŘD¢t ǘƻ ǘƘŜ ƛƴǎŜǊǘκƭƛƴŜŀǊƛȊŜŘ ǾŜŎǘƻǊΦ ¢ƘŜ ŀŘŘƛǘƛƻƴ 

ƻŦ Ř/¢t ƭŜŀŘǎ ǘƻ ǎƛƴƎƭŜ ǎǘǊŀƴŘ ŘƛƎŜǎǘƛƻƴ ƻŦ ǘƘŜ ōƭǳƴǘ ŜƴŘǎΣ ǳƴǘƛƭ ŀ / ƛǎ ǊŜŀŎƘŜŘΤ ǳǇƻƴ ŀŘŘƛǘƛƻƴ 

ƻŦ ŘD¢tΣ ǘƘŜ ŘƛƎŜǎǘƛƻƴ ƛǎ ǎǘƻǇǇŜŘ ŀǘ ŀ DΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǎƛƴƎƭŜ ǎǘǊŀƴŘŜŘ ƻǾŜǊƭŀǇǎ ǘƘŜƴ ŜƴŀōƭŜ ǘƘŜ 

ƛƴǘŜƎǊŀǘƛƻƴ ƻŦ ǘƘŜ ƛƴǎŜǊǘ ƛƴǘƻ ǘƘŜ ǾŜŎǘƻǊ ǿƛǘƘƻǳǘ ǘƘŜ ƘŜƭǇ ƻŦ ƭƛƎŀǎŜΦ ¢ƘŜ ǊŜƳŀƛƴƛƴƎ ƴƛŎƪǎ ŀǊŜ 

ǊŜǇŀƛǊŜŘ ƛƴ 9Φ Ŏƻƭƛ ŀŦǘŜǊ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴΦ [L/ ǘŀƪŜǎ ƭŜǎǎ ǘƛƳŜ ǘƘŀƴ ǘƘŜ ŎƭŀǎǎƛŎŀƭ ŎƭƻƴƛƴƎ ǇǊƻŎŜŘǳǊŜ 

ŀƴŘ ŀ ǾŀǊƛŜǘȅ ƻŦ ǾŜŎǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ǎŀƳŜ ƻǾŜǊƭŀǇ ǎŜǉǳŜƴŎŜ ŀǊŜ ŀǾŀƛƭŀōƭŜΣ ƳŀƪƛƴƎ ǘƘŜ ƛƴǎŜǊǘǎ 

ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ǾŜŎǘƻǊǎΦ IƻǿŜǾŜǊΣ ƻƴƭȅ ǾŜŎǘƻǊǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ ŘŜǎƛƎƴŜŘ ŦƻǊ [L/ Ŏŀƴ 

ōŜ ǳǎŜŘтрΦ 

¢ƘŜ ƛƴǎŜǊǘǎ ǿŜǊŜ ŀƳǇƭƛŦƛŜŘ ŦǊƻƳ ŀƭǊŜŀŘȅ ŜȄƛǎǘƛƴƎ ǇƭŀǎƳƛŘǎΣ ǳǎƛƴƎ ŀ ǎǘŀƴŘŀǊŘ t/w ŀǎ ŘŜǎŎǊƛōŜŘ 

ƛƴ ŎƘŀǇǘŜǊ оΦ оΦ мΦ ¢ƘŜ t/w ǇǊƻŘǳŎǘǎ ǿŜǊŜ ǘƘŜƴ ǇǳǊƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ vL!ǉǳƛŎƪ t/w tǳǊƛŦƛŎŀǘƛƻƴ Yƛǘ 

όvƛŀƎŜƴύΦ ±ŜŎǘƻǊǎ ǿŜǊŜ ƭƛƴŜŀǊƛȊŜŘ ōȅ ŘƛƎŜǎǘƛƻƴ ǿƛǘƘ ǘƘŜ ōƭǳƴǘ ŜƴŘ ŎǊŜŀǘƛƴƎ ǊŜǎǘǊƛŎǘƛƻƴ ŜƴȊȅƳŜ 

{ǎǇL ŦƻǊ о Ƙ ŀǘ от ϲ/ όǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǎƘƻǿƴ ōŜƭƻǿύΣ ŦƻƭƭƻǿŜŘ ōȅ ƘŜŀǘ ƛƴŀŎǘƛǾŀǘƛƻƴ ŀǘ ср ϲ/ ŦƻǊ 

нл ƳƛƴΦ 

 

 Volume or weight 

CutSmart buffer (10x) 2 µL 

SspI-HF 1 µL 

vector 1 µg 

ddH2O ad 20 µL 
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¢ƘŜ ƭƛƴŜŀǊƛȊŜŘ ǾŜŎǘƻǊǎ ǿŜǊŜ ǘƘŜƴ ǇǳǊƛŦƛŜŘ Ǿƛŀ ǇǊŜǇŀǊŀǘƛǾŜ ŀƎŀǊƻǎŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ όǎŜŜ 

оΦ оΦ нΦύΦ ! [L/ ǊŜŀŎǘƛƻƴ ǿŀǎ ŘƻƴŜ ŦƻǊ ōƻǘƘΣ ƛƴǎŜǊǘǎ ŀƴŘ ǾŜŎǘƻǊǎΣ ŀǘ нн ϲ/ ŦƻǊ пл ƳƛƴΣ ǳǎƛƴƎ 

ŦƻƭƭƻǿƛƴƎ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜǎΥ 

 Volume or weight 

Linearized vector x 

CutSmart buffer (10x) 2 µL 

dGTP (25 mM) 2 µL 

DTT (100 mM) 1 µL 

T4 DNA Polymerase(3 000 U/mL) 0.2 µL 

ddH2O ad 20 µL 

 

 Volume or weight 

Insert y 

CutSmart buffer (10x) 2 µL 

dCTP (25 mM) 2 µL 

DTT (100 mM) 1 µL 

T4 DNA Polymerase(3 000 U/mL) 0.2 µL 

ddH2O ad 20 µL 

 

¢ƘŜ [L/ ǊŜŀŎǘƛƻƴ ǿŀǎ ǎǘƻǇǇŜŘ ōȅ ƘŜŀǘ ƛƴŀŎǘƛǾŀǘƛƻƴ ŀǘ тр ϲ/ ŦƻǊ нл ƳƛƴΦ CƻǊ ŀƴƴŜŀƭƛƴƎΣ ŜǉǳƛǾŀƭŜƴǘ 

ŀƳƻǳƴǘǎ ƻŦ ƛƴǎŜǊǘ ŀƴŘ ǾŜŎǘƻǊ ǿŜǊŜ ƳƛȄŜŘ όǘƻǘŀƭ у ҡ[ύΣ ŀƴŘ ǘƘŜ ǊŜŀŎǘƛƻƴ ǾƻƭǳƳŜ ǿŀǎ ŦƛƭƭŜŘ ǳǇ ǘƻ 

нл ҡ[ ǿƛǘƘ ǿŀǘŜǊΦ !ŦǘŜǊ ŀ олπƳƛƴǳǘŜ ƛƴŎǳōŀǘƛƻƴ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ ǘƘŜ ŀƴƴŜŀƭƛƴƎ ƳƛȄǘǳǊŜ 

ǿŀǎ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻ 9Φ Ŏƻƭƛ 5IрhΦ 
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3. 4. Protein biochemistry 

оΦ пΦ мΦ !ƴŀƭȅǘƛŎŀƭ ƻǾŜǊǇǊƻŘǳŎǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴǎ ŀƴŘ ŎŜƭƭ ƭȅǎƛǎ 

To evaluate whether a protein can be produced in E. coli ς in the best case soluble and in large 

amounts ς overexpression was performed on an analytical scale. In this way, different factors 

that influence protein overproduction were evaluated, such as the strain of E. coli used, 

expression temperatures and durations, or type and concentration of the inducing agent. 

For each overexpression condition that was tested, plasmids were transformed into various 

E. coli strains via heat-shock transformation as described in chapter 3. 3. 5. Cells were then 

plated onto LB agar plates containing the appropriate antibiotic; plates were incubated 

overnight at 37 °C. One colony was used to inoculate a 5 mL overnight culture with antibiotics, 

which was incubated at 37 °C, 225 rpm, overnight. Then, 50 mL LB containing the appropriate 

antibiotics were inoculated 1:50 and the cells were grown at 37 °C, 225 rpm, until an OD600 of 

approximately 0.6 was reached. Expression was induced by addition of either IPTG or lactose 

and the cultures were further incubated at different expression temperatures and durations. 

Parameters that were tested in small scale expression are summarized below. 

 

E. coli strains Inducing agents Temperature/Duration 

BL21 (DE3) Gold IPTG 37 °C 3 h 

SHuffle T7 Express Lactose 30 °C Overnight 

BL21 Star (DE3)  18 °C 48 h 

Rosetta  12 °C 72 h 

Origami    

 

When the analytical overexpression was finished, the cells were pelleted by centrifugation at 

3200 g, 4 °C, for 20 min. The cell pellets were resuspended in Ni-NTA buffer 1, transferred into 

screw-cap cups, 1 µL lysozyme (50 mM) and glass beads were added. Cell lysis was done in a 

FastPrep Homogenizer (MPBio), run twice for 60 sec at 6.5 m/s; between the runs the cells 

were cooled on ice for 5 min. To divide the soluble and the insoluble fraction, the lysed cells 

were centrifuged for 10 min at 17000 g, 4 °C. The supernatant was removed and the pellet 

was resuspended in 1 mL Ni-NTA buffer 1. Both were analyzed for presence of the desired 

protein via SDS-PAGE. 

Expression conditions that were proven to produce soluble protein in analytical scale 

overexpression were upscaled. The description of those conditions can be found in chapter 3. 

4. 2. 

Ni-NTA buffer 1 

NaH2PO4 50 mM 

NaCl 300 mM 

 pH 8.0 
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оΦ пΦ нΦ tǊŜǇŀǊŀǘƛǾŜ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ ƻŦ ǇǊƻǘŜƛƴǎ 

For preparative overexpression of a desired protein, plasmids were transformed into E. coli 

and a colony from the transformation plate was used to inoculate 50 mL LB with 35 µg/mL 

kanamycin (Kan35). The 50 mL starter culture was incubated at 37 °C, 225 rpm, overnight. 

Several 5 L baffled Erlenmeyer flasks containing 2 L LB+Kan35 were inoculated with starter 

culture (ratio 1:100) and cells were grown at 37 °C, 140 rpm, until an OD600 of around 0.6 was 

reached. Expression was induced by addition of 0.1 mM IPTG and the incubation temperature 

was lowered. The expression conditions for the constructs used in this work are as follows: 

 

Construct E. coli strain Temperature/ Duration 

pET28a_Awp1 SHuffle T7 Express 12 °C/72 h 

pET28a_Awp3 SHuffle T7 Express 12 °C/72 h 

pET28a_Awp14 BL21 (DE3) Gold 12 °C/72 h 

pET28a_CtPth11 SHuffle T7 Express 18 °C/48 h 

 

The cells were then harvested by centrifugation at 3200 g, at 4 °C, for 20 min. The cell pellets 

were resuspended in Ni-NTA buffer 1 and washed by centrifugation at 4000 rpm, 4 °C, 20 min. 

The supernatant was removed; the pellets were stored at -80 °C for further use. 

 

оΦ пΦ оΦ /Ŝƭƭ ƭȅǎƛǎ 

The cells were lysed mechanically, either by subjecting them to high pressure using an 

emulsifier, or by sonication with ultrasound. For both methods, the cell pellet was thawed in 

a water bath at room temperature and then resuspended in Ni-NTA buffer 1. Complete 

resuspension of the cells is critical, as clumps may remain unbroken during sonication or clog 

the emulsifier tubes. In addition, mechanical cell lysis is associated with the generation of 

heat, and many proteins are sensitive to heat. To avoid excessive thermal effects on the 

proteins, cooling of the lysate is essential. 

Cell lysis by sonication was performed with the cells kept on ice. The resuspended cells were 

sonicated for a total of 9 minutes, divided into 3 cycles, applying pulses with 50% intensity. 

Between the cycles the cell lysate was mixed and cooled on ice for 5 minutes. When the 

emulsiflex C5 (Avestin) was used for cell lysis, the equipment was first pre-cooled with ice for 

around 30 min. Then the cell suspension was passed 3 times through the emulsifier, applying 

pressures between 50 000 and 100 000 kPa. 

The lysate was then cleared by centrifugation at 18000 rpm, 4 °C, for 30 min (J2-HS, Beckman), 

and the supernatant was sterile-filtered using a 0.45 µm syringe filter. 
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оΦ пΦ пΦ tǊƻǘŜƛƴ ǇǳǊƛŦƛŎŀǘƛƻƴ 

In order to perform protein analysis techniques, a certain purity level of the desired protein 

must be achieved, with the necessary degree of purity depending on the technique. 

Crystallographic studies in particular require a highly pure sample (> 95%). In addition, the 

homogeneity and monodispersity of the desired protein should be ensured, which demands 

a combination of several purification steps. The standard routine in many protein 

crystallography laboratories is to perform affinity chromatography (most commonly using a 

His-Tag), followed by size exclusion chromatography (SEC) as a polishing step. However, for 

the purification of some proteins inclusion of further steps may be required. 

 

3. 4. 4. 1. Immobilized metal affinity chromatography (IMAC) 

Affinity chromatography is enabled by the addition of a tag to the target protein, which 

mediates binding to a specific column matrix, while untagged proteins pass directly through 

the column. All proteins purified in this work contain an N-terminal His6-Tag, which is 

compatible with Immobilized metal affinity chromatography (IMAC), the most commonly used 

chromatographic technique. Various metal ions have an affinity to histidine, in this work Ni2+, 

immobilized by the chelating agent nitrilotriacetic acid (NTA), was used. The method is 

therefore also referred to as Ni-NTA chromatography. Elution of the desired proteins is 

achieved by the addition of imidazole, which displaces the bound target protein76. 

A peristaltic pump was used to apply the cleared and sterile-filtered cell lysate on a 5 mL 

Ni-NTA column (Macherey-Nagel), equilibrated with at least 5 column volumes (CV) Ni-NTA 

buffer 1. To evaluate appropriate imidazole concentrations in the wash and elution buffer for 

each protein, a step-wise increase of imidazole concentrations was done in the first 

purification (4 CV per step). The fractions were then analyzed via SDS-PAGE for presence and 

purity of the desired protein; fractions containing the target protein were pooled and 

subjected to the next purification step. Further purifications only consisted of sample 

application, a wash step, and elution. Imidazole concentrations of wash and elution buffers 

are summarized below for each protein. 

 

 Imidazole concentration [mM] 

Protein Wash Elution 

Awp1A 30 250 

Awp3A 20 500 

Awp14A 15 250 

CtPth11 20 500 
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3. 4. 4. 2. Size exclusion chromatography (SEC) 

Size exclusion chromatography (SEC) was done after IMAC as a polishing step. Molecules are 

separated based on their size, but also the shape, or more exactly their hydrodynamic 

diameter, plays a role in the separation process. Operation of SEC benefits from two 

differently accessible volumes, the external volume and the internal volume. The internal 

volume is the liquid within the porous matrix of the SEC column, which is typically composed 

of beads. The external volume is the liquid between the beads and is also called void volume. 

Smaller molecules travel through both the external and the internal volume; they migrate 

more slowly through the column. Molecules larger than the beads of the column matrix only 

pass through the external volume and elute at the void volume. A variety of different resins 

are available for SEC, adjusted to the size and type of the molecule, as well as the choice of 

eluent and other parameters. In this work, Superdex resins were used, which consist of a 

dextran matrix bound to cross-linked agarose77. 

The pooled fractions from IMAC containing the desired protein were concentrated to a final 

volume of approximately 2 mL. The sample was then filtered to remove aggregates or physical 

contaminants (foreign particles) using centrifugal filter units (Ultrafree-MC, Merck). It was 

then applied on a SEC column that had been equilibrated with sterile-filtered and degassed 

SEC buffer. Choice of the SEC column was based on the size and the expected quantity of the 

desired protein. SEC was run on an NGC Chromatography System, eluting proteins were 

detected by absorption at 280 nm and collected in 1.5 mL fractions. After SEC, the purity of 

the desired protein was assessed via SDS-PAGE and the sample was either concentrated or 

flash-frozen in liquid nitrogen and stored at ς 80 °C for further use. 

 

Protein Columns SEC buffer 

Awp1A 
26/600 Superdex 200 pg 

16/600 Superdex 200 pg 
20 mM Tris-HCl, 300 mM NaCl, pH 8.0 

Awp3A 
26/600 Superdex 200 pg 

16/600 Superdex 200 pg 
20 mM Tris-HCl, 300 mM NaCl, pH 8.0 

Awp14A 
26/600 Superdex 200 pg 

16/600 Superdex 200 pg 
20 mM Tris-HCl, 300 mM NaCl, pH 8.0 

CtPth11 26/600 Superdex 75 pg 50 mM NaH2PO4, 300 mM NaCl, pH 8.0 
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оΦ пΦ рΦ tǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

The pooled fractions from IMAC and from SEC were concentrated using Amicon Ultra 

concentrators (Millipore). The concentrators are available with different molecular weight 

cut-offs (MWCO), a MWCO of 30 kDa was used for the concentration of Awp1A, Awp3A, and 

Awp14A. For concentrating CtPth11, a MWCO of 3 kDa was chosen. Concentrators were first 

rinsed with dH2O, then the membrane was equilibrated with the buffer, in which the protein 

was currently contained, by centrifugation at 3200 g, at 4 °C, for 5 min. The protein solution 

was then filled into the concentrator and centrifuged at 3200 g, at 4 °C, for 15 min. The 

concentration step was repeated until either the desired amount or concentration of the 

protein solution was reached. The protein solution was mixed between each concentration 

step. 

 

3. 5. Protein analysis 

оΦ рΦ мΦ {ƻŘƛǳƳ ŘƻŘŜŎȅƭ ǎǳƭŦŀǘŜπǇƻƭȅŀŎǊȅƭŀƳƛŘŜ ƎŜƭ ŜƭŜŎǘǊƻǇƘƻǊŜǎƛǎ ό{5{πt!D9ύ 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is used to separate 

proteins based on their size, and consecutively visualize them via staining of the gel. It was 

used to visualize the desired proteins and to roughly estimate their purity by analyzing each 

fraction after IMAC and SEC. Protein samples are mixed with a SDS-PAGE loading buffer, which 

Ŏƻƴǘŀƛƴǎ {5{ ŀƴŘ ʲ-mercaptoethanol. These components (often used in combination with 

heating of the sample to 95 °C for several min) ensure that proteins are linearized, as SDS is 

ŀōƭŜ ǘƻ ŘŜƴŀǘǳǊŜ ǇǊƻǘŜƛƴǎ ŀƴŘ ʲ-mercaptoethanol reduces disulfide bonds. Simultaneously, 

the negatively charged SDS attaches to the linearized proteins and hides their surface charges, 

resulting in a constant mass/charge ratio. Proteins are then separated in the gel by application 

of an electrical field. In this work, discontinuous SDS-PAGE was used, a technique that provides 

improved separation compared to continuous SDS-PAGE. 

4 ˃[ ǎŀƳǇƭŜ ǿŜǊŜ ƳƛȄŜŘ ǿƛǘƘ п ˃[ нȄ {5{-PAGE loading buffer and pipetted into the pockets 

of a gel with a 4.5% (v/v) stacking gel and either a 12% (v/v) or 15% (v/v) separation gel. One 

pocket of the gel was loaded with 5 ˃[ tƛŜǊŎŜ ¦ƴǎtained Protein MW Marker. SDS-PAGE was 

run in an SDS-PAGE chamber filled with SDS-PAGE running buffer with an EPS 301 power box 

set to 35 mA per gel, until the sample reached the end of the separation gel. Protein bands 

were then visualized by staining the gel with hot Coomassie for 5 min, followed by destaining 

in hot destain solution, until bands were clearly visible. 
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SDS-PAGE, 12 gels 

 Stacking gel (4.5%) Separation gel (12%) Separation gel (15%) 

dH2O 29.8 mL 32 mL 18.3 mL 

Stacking gel buffer 12.5 mL - - 

Separation gel buffer - 20 mL 20 mL 

Acrylamide (30%) 6.67 mL 32 mL 40 mL 

SDS (10% w/v) 500 ˃ [ улл ˃[ улл ˃[ 

APS (10% w/v) рлл ˃[ улл ˃[ улл ˃[ 

TEMED рл ˃[ ул ˃[ ул ˃[ 

 

Stacking gel buffer  Sepeartion gel buffer 

Tris/HCl, pH 6.8 625 mM  Tris/HCl, pH 8.8 1.125 M 

   Saccharose 30% (w/v) 

 

2x SDS-PAGE loading buffer  10x SDS-PAGE running 

buffer 

Tris/HCl, pH 6.8 62.5 mM  Tris 30.3 g 

Glycerol 15%  Glycine 144.4 g 

-̡mercaptoethanol 4% (v/v)  SDS 10 g 

SDS 4% (w/v)  ddH2O ad 1 L 

Bromphenolblue a pinch    

 

Coomassie  Destain 

Coomassie brilliant blue R250 3.2 g  Ethanol 400 mL 

Ethanol 400 mL  Acetic acid 80 mL 

Acetic acid 80 mL  dH2O 400 mL 

dH2O 400 mL    

 

оΦ рΦ нΦ 5ŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

There are various analytical methods available for the determination of protein concentration. 

The type of method that can be used depends, among other things, on the composition of the 

protein solution (defined or undefined), the properties of the protein and the choice of buffer. 

Time considerations and reproducibility are also important selection criteria. In this thesis UV 

spectroscopic analysis was used to determine the protein concentrations. The method is 

based on UV absorbance, usually measured at 280 nm, which relies on the aromatic amino 

acids. However, it has to be kept in mind that these show strong differences in their absorption 

behavior. The absorption maximum of both tryptophan and tyrosine is 280 nm, while the 

maximum of phenylalanine is about 260 nm. In addition, the proteinΩǎ structure can change 

the absorption behavior78. 
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The extinction (E) of the sample was measured using a NanoDrop photometer. Knowing E, the 

Lamber-Beer law can be applied to determine the protein concentration: 

Ὁ  ‐ Ͻὧ ϽὨ 

ὧ  
Ὁ Ͻὓὡ

‐ ϽὨ
 

9Υ ŜȄǘƛƴŎǘƛƻƴΤ ʶΥ ƳƻƭŀǊ ŀōǎƻǊǇǘƛǾƛǘȅΤ ŎΥ ŎƻƴŎŜƴǘǊŀǘƛƻƴΤ ŘΥ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴ ǘƘŜ ƭƛƎƘǘ ǇŀǎǎŜǎ ǘƘǊƻǳƎƘ; cm: mass 

concentration; MW: molecular mass 

 

In addition, the molecular mass of the protein and its extinction coefficient are required for 

determination of its concentration. These values were calculated from the amino acid 

sequence using the online tool ProtParam, which is available on the ExPASy Bioinformatics 

Resource Portal59. 

 

оΦ рΦ оΦ ¢ƘŜǊƳŀƭ ǎƘƛŦǘ ŀǎǎŀȅ ό¢{!ύ 

A wide variety of methods are available for the characterization of protein-ligand interactions. 

The thermal shift assay (TSA) ς also referred to as differential scanning fluorimetry or 

thermofluor assay ς offers a relatively high throughput, while it can be easily performed with 

standard lab equipment. 

Ligand binding is associated with a change in protein stability, usually it leads to stabilization 

of the protein. In a TSA, the thermal stability of protein solutions containing ligands is 

measured with the aim of detecting changes in melting temperature ς i. e. thermal shifts. The 

detection of protein unfolding is facilitated by addition of SYPRO Orange, a component that 

shows low fluorescence in polar environments and high fluorescence in non-polar 

environments. Upon denaturation of the protein, its non-polar core is exposed, leading to an 

increase of fluorescence signal. As a result, a melting curve is obtained, of which the melting 

temperature is the inflection point (maximum of the first derivative). 

 

 Volume 

Awp1A/Awp3A (50 µM) 4 µL 

Glycan (50 mM*) 4 µL 

SYPRO Orange (1:62.5) 4 µL 

SEC buffer ad 40 µL 

*  if not indicated otherwise  

 

Binding of Awp1A and Awp3A to various disaccharides and oligosaccharides was analyzed in 

a TSA using 40 µL reaction volumes. The experiment was run in a RotorGene Q (Qiagen), the 

temperature was raised by 0.2 °C each 4 sec, from 25 °C to 90 °C. Gain optimization was done 
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manually. The TSA mixture is shown below; reference measurements were done by adding 

the solvents of the ligands to the protein solution and 8x SYPRO Orange. Following 

carbohydrates were used: Laminarin, beta glucan (barley, 0,1%), CM-curdlan (0,01%), 3-O-ό-̡

D-galactopyranosyl)-D-ƎŀƭŀŎǘƻǇȅǊŀƴƻǎŜΣ Dŀƭʲм-оDƭŎb!ŎΣ Dŀƭʲм-оDŀƭb!ŎΣ bΣbΩ-

ŘƛŀŎŜǘȅƭŎƘƛǘƻōƛƻǎŜΣ Dŀƭʰм-3Gal, 3-Fucosyllactose, Lewisa trisaccharide, lacto-N-tetraose, lacto-

N-neotetraose, Gŀƭʰм-оDŀƭʲм-пDŀƭΣ Dŀƭʲм-пDƭŎb!ŎΣ aŀƴʰм-сaŀƴΣ aŀƴʰм-нaŀƴΣ aŀƴʰм-

оaŀƴΣ aŀƴʰм-пaŀƴΣ ƳŀƴƴƻǘŜǘǊŀƻǎŜΣ ƳŀƴƴƻǇŜƴǘŀƻǎŜ ŀƴŘ Dŀƭʲм-оDŀƭb!Ŏʲм-пDŀƭʲм-4Glc. 

 

оΦ рΦ пΦ IƛƎƘ ǘƘǊƻǳƎƘǇǳǘ ƎƭȅŎŀƴ ōƛƴŘƛƴƎ ǎǘǳŘƛŜǎ ŀǘ ǘƘŜ /ƻƴǎƻǊǘƛǳƳ ŦƻǊ CǳƴŎǘƛƻƴŀƭ DƭȅŎƻƳƛŎǎ 

Another high-throughput method for screening specific interactions is suspension array 

technology, which uses glass slides printed with specific components (DNA, peptides, glycans). 

The Consortium of Functional Glycomics (CFG) offers the implementation of so-called glycan 

arrays, which allow screening for binding of a protein to several hundred immobilized glycans. 

Purified protein samples were sent to the Consortium for Functional Glycomics (CFG), where 

binding of Awp1A and Awp3A was examined on the newest version of the Mammalian Glycan 

Array (version 5.2), as described by Heimburg-Molinaro et al.79. For both samples a protein 

concentration of 50 µg/mL in SEC buffer was used. Detection was carried out via an anti-His 

antibody, coupled to AlexaFluor 488 (Qiagen). Glycan array data was deposited at the CFG, 

under the identifier cfg_rRequest_3531. 
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3. 6. Determination of protein structures 

Structural biology is concerned with the analysis of the 3D structures of biological 

macromolecules, especially proteins and nucleic acids. Proteins play an essential role in every 

aspect of life and the structure of a protein is uniquely suited to its function. Therefore, new 

insights can be genŜǊŀǘŜŘ ƛƴǘƻ ŀ ǇǊƻǘŜƛƴΩǎ ŦǳƴŎǘƛƻƴ Ǿƛŀ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ƛǘǎ ǎǘǊǳŎǘǳǊŜΦ 

Three major methods are commonly used for the determination of structures of biological 

macromolecules: X-ray crystallography, Nuclear Magnetic Resonance (NMR) spectroscopy 

and 3D electron microscopy (3D-EM). Obtained structures are deposited in the Protein Data 

Bank (PDB), an open access database for the 3D structures of large biological molecules. 88.8% 

of the structures in the PDB have been determined via X-ray crystallography, highlighting the 

importance of the method for biological sciences. NMR spectroscopy accounts for 7.9% of 

structures in the PDB and 3D-EM for 3.2%. Around 0.2% of structures have been determined 

using multiple methods or other methods (e. g. neutron diffraction or solution scattering). 

In recent years, 3D-EM has gained popularity due to advances in the technology of detectors 

and in image processing, enhancing the resolution that can be achieved with these 

structures80. Nevertheless, also X-ray crystallography has seen major recent developments: 

various X-ray free electron lasers were put into operation. Among other applications, they 

provide the possibility to determine crystal structures in a time-resolved manner (time-

resolved serial femtosecond crystallography), thereby providing direct insights into functional 

reactions of the sample81. 

 

оΦ сΦ мΦ tǊƻǘŜƛƴ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ 

¢ƘŜ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎ ƛǎ ŀ ōƻǘǘƭŜƴŜŎƪ ƛƴ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ǇǊƻǘŜƛƴ ǎǘǊǳŎǘǳǊŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴΦ 

CƛǊǎǘ ǇǊƻǘŜƛƴ ŎǊȅǎǘŀƭǎ ǿŜǊŜ ŀƭǊŜŀŘȅ ŘŜǎŎǊƛōŜŘ ƛƴ муплΣ ōǳǘ ǊŜƳŀƛƴŜŘ ŀ ƭŀōƻǊŀǘƻǊȅ ŎǳǊƛƻǎƛǘȅ ŦƻǊ ŀ 

ŦŜǿ ŘŜŎŀŘŜǎΦ CǊƻƳ ǘƘŜ муулƛŜǎ ƻƴΣ ǇǊƻǘŜƛƴ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ǿŀǎ ŘƻƴŜ ŀǎ ŀ ǇǳǊƛŦƛŎŀǘƛƻƴ ƳŜǘƘƻŘΣ 

ǳƴǘƛƭ ς ŀǊƻǳƴŘ мфол ς ǇǊƻǘŜƛƴ ŎǊȅǎǘŀƭǎ ŀŎǉǳƛǊŜŘ ŀ ƴŜǿ ŀǇǇƭƛŎŀǘƛƻƴΣ ǿƘŜƴ ·πǊŀȅ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘȅ 

ǿŀǎ ŀǇǇƭƛŜŘ ŦƻǊ ǘƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ōƛƻƭƻƎƛŎŀƭ ƳŀŎǊƻƳƻƭŜŎǳƭŜǎунΦ !ƭǘƘƻǳƎƘ 

ǘƘŜ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ǇǊƻŎŜǎǎ Ƙŀǎ ōŜŜƴ ƻōǎŜǊǾŜŘ ŦƻǊ мсл ȅŜŀǊǎΣ ǘƘŜ ŜȄŀŎǘ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ 

ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŀǊŜ ǎǘƛƭƭ ǳƴƪƴƻǿƴ ŀƴŘ ǘƘŜ ǇǊƻŎŜǎǎ ǊŜƳŀƛƴǎ ǳƴǇǊŜŘƛŎǘŀōƭŜΦ IƻǿŜǾŜǊΣ ŀ ŦŜǿ 

ǊŜǉǳƛǊŜƳŜƴǘǎ ǘƘŀǘ ƭŜŀŘ ǘƻ ŀ ƘƛƎƘŜǊ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŀǊŜ ƪƴƻǿƴΥ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜǎ 

ƘŀǾŜ ǘƻ ōŜ ǇǳǊŜ ŀƴŘ ƳƻƴƻŘƛǎǇŜǊǎŜΦ ¢ƘŜǎŜ ǇǊŜǊŜǉǳƛǎƛǘŜǎ ŀǊŜ ŜƴǎǳǊŜŘ ōȅ ǘƘŜ ǇǳǊƛŦƛŎŀǘƛƻƴ 

ǇǊƻŎŜǎǎΦ 

/ǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ƛǘǎŜƭŦ ƛǎ ǊŜŀŎƘŜŘ ōȅ ŀ ǎƭƻǿ ŘŜŎǊŜŀǎŜ ƻŦ ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ƻŦ ŀ ǇǊƻǘŜƛƴ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ 

ǇǊŜŎƛǇƛǘŀƴǘǎΦ Lƴ ǎƻƳŜ ŎŀǎŜǎΣ ǘƘƛǎ ƭŜŀŘǎ ǘƻ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ǎƻ ŎŀƭƭŜŘ ƴǳŎƭŜǳǎΣ ŀǊƻǳƴŘ ǿƘƛŎƘ 

ŎǊȅǎǘŀƭǎ ǘƘŜƴ ƎǊƻǿΦ ¢ƘŜ ǇǊƻŎŜǎǎ ƛǎ ƻŦǘŜƴ ŘŜǎŎǊƛōŜŘ Ǿƛŀ ŀ ǇƘŀǎŜ ŘƛŀƎǊŀƳ όǎŜŜ CƛƎǳǊŜ рύ ŀƴŘ 

ŘŜǇŜƴŘǎ ƻƴ Ƴŀƴȅ ŘƛŦŦŜǊŜƴǘ ŦŀŎǘƻǊǎΣ ǎǳŎƘ ŀǎ ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ǇǊŜŎƛǇƛǘŀƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ 

ǇIΣ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀŘŘƛǘƛǾŜǎΣ ƭƛƎŀƴŘǎΣ ƛƴƘƛōƛǘƻǊǎΣ ŎƻŜƴȊȅƳŜǎΣ ŀƴŘ Ƴŀƴȅ ƻǘƘŜǊǎΦ bƻǿŀŘŀȅǎΣ ǘƘŜ 

ōƻǘǘƭŜƴŜŎƪ ƻŦ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ƛǎ ǘŀŎƪƭŜŘ ōȅ ǘǊȅƛƴƎ ƻǳǘ ŀ ƭŀǊƎŜ ŀƳƻǳƴǘ ƻŦ ŘƛŦŦŜǊŜƴǘ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ 
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ŎƻƴŘƛǘƛƻƴǎΦ ±ŀǊƛƻǳǎ ƳŜǘƘƻŘǎ ŀǊŜ ŀǾŀƛƭŀōƭŜΣ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ƻƴŜǎ ŀǊŜ ƳƛŎǊƻōŀǘŎƘ 

ŜȄǇŜǊƛƳŜƴǘǎΣ ǾŀǇƻǊ ŘƛŦŦǳǎƛƻƴΣ ŘƛŀƭȅǎƛǎΣ ŀƴŘ ŦǊŜŜ ƛƴǘŜǊŦŀŎŜ ŘƛŦŦǳǎƛƻƴΦ aŀƴȅ ƭŀōǎ ǳǎŜ ǎƛǘǘƛƴƎ ŘǊƻǇ 

ǾŀǇƻǊ ŘƛŦŦǳǎƛƻƴ ǎŜǘǳǇǎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ǇƛǇŜǘǘŜŘ ōȅ Ǌƻōƻǘǎ ƛƴ ŀ ǎƘƻǊǘ ǘƛƳŜΣ ǳǎǳŀƭƭȅ ƛƴ ŀ фс ǿŜƭƭ 

ŦƻǊƳŀǘΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜ ƻǾŜǊŀƭƭ ǎǳŎŎŜǎǎ ƻŦ ŎǊȅǎǘŀƭƭƛȊƛƴƎ ŀ ǇǊƻǘŜƛƴ ƛƴ ǎǘǊǳŎǘǳǊŀƭ ōƛƻƭƻƎȅ 

ƭŀōƻǊŀǘƻǊƛŜǎ ƛǎ ŜǎǘƛƳŀǘŜŘ ǘƻ ōŜ ŀǊƻǳƴŘ ол ς пл҈уоΦ 

 

CƛƎǳǊŜ рΥ tǊƻǘŜƛƴ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ǇƘŀǎŜ ŘƛŀƎǊŀƳуп 

! ǇƘŀǎŜ ŘƛŀƎǊŀƳ ǿƛǘƘ ŎƻƳƳƻƴƭȅ ǾŀǊƛŜŘ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ŀ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘ ς ǇǊƻǘŜƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ 

ǇǊŜŎƛǇƛǘŀƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ς ƛǎ ŘƛǎǇƭŀȅŜŘΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŎǳǊǾŜǎ ƻŦ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ǇǊƻǘŜƛƴ 

ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ƳŜǘƘƻŘǎ ŀǊŜ ƛƴŘƛŎŀǘŜŘΥ !ύ .ŀǘŎƘ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴΣ .ύ ±ŀǇƻǳǊ ŘƛŦŦǳǎƛƻƴΣ /ύ 5ƛŀƭȅǎƛǎΣ 5ύ CǊŜŜπƛƴǘŜǊŦŀŎŜ 

ŘƛŦŦǳǎƛƻƴ όƭƛǉǳƛŘκƭƛǉǳƛŘ ŘƛŦŦǳǎƛƻƴύΦ !ƭƭ ƳŜǘƘƻŘǎ ŀƛƳ ǘƻ ǊŜŀŎƘ ǘƘŜ ƴǳŎƭŜŀǘƛƻƴ ȊƻƴŜΣ ŦǊƻƳ ǿƘƛŎƘ ǘƘŜ ǎȅǎǘŜƳ 

ǇǊƻƎǊŜǎǎŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ƳŜǘŀǎǘŀōƭŜ ȊƻƴŜ ǘƻ Ŧƛƴŀƭƭȅ ŀǊǊƛǾŜ ŀǘ ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ŎǳǊǾŜΦ 

 

Lƴƛǘƛŀƭ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŘƻƴŜ ƛƴ ǘƘŜ aŀǊ·ǘŀƭ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŦŀŎƛƭƛǘȅ ƛƴ ŀ ǎƛǘǘƛƴƎ 

ŘǊƻǇ ǾŀǇƻǊ ŘƛŦŦǳǎƛƻƴ ǎŜǘǳǇΣ ǳǎƛƴƎ ŀ ǾŀǊƛŜǘȅ ƻŦ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ǎŎǊŜŜƴǎ όǎŜŜ ōŜƭƻǿύΦ ¢ƘŜ 

ǎŎǊŜŜƴǎ ǿŜǊŜ ǇƛǇŜǘǘŜŘ ǿƛǘƘ ŀ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ Ǌƻōƻǘ όIƻƴŜȅōŜŜ фсоΣ 5ƛƎƛƭŀōύΦ ¢ƘŜ ǊŜǎŜǊǾƻƛǊ ƻŦ 

aw/ н ²Ŝƭƭ ǇƭŀǘŜǎ ό{ǿƛǎǎŎƛύ ǿŜǊŜ ŦƛƭƭŜŘ ǿƛǘƘ ул ҡ[ ƳƻǘƘŜǊ ƭƛǉǳƻǊΣ олл ƴ[ ƳƻǘƘŜǊ ƭƛǉǳƻǊ ŀƴŘ 

олл ƴ[ ǇǊƻǘŜƛƴ ǎƻƭǳǘƛƻƴ ǿŜǊŜ ǇƛǇŜǘǘŜŘ ƛƴ ŜŀŎƘ ǿŜƭƭΦ ¢ƘŜ ǇƭŀǘŜǎ ǿŜǊŜ ǘƘŜƴ ǎŜŀƭŜŘ ǿƛǘƘ ǎŜŀƭƛƴƎ 

ŦƛƭƳ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŀǘ му ϲ/ ƛƴ ŀ wƻŎƪ LƳŀƎŜǊ όCƻǊƳǳƭŀǘǊƛȄύ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ƛƳŀƎŜǊΣ ŀ ǎȅǎǘŜƳ ǘƘŀǘ 

ƛǎ ŀƭǎƻ ŘƻŎǳƳŜƴǘƛƴƎ ŎǊȅǎǘŀƭ ƎǊƻǿǘƘΦ 
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Protein Protein 

concentrations 

Crystallization Screens 

Awp1A 
48 mg/mL 

24 mg/mL 

JCSG Core I (Qiagen), JCSG Core II (Qiagen), JCSG Core III (Qiagen), 

JCSG Core IV (Qiagen), Morpheus (Molecular Dimensions), Morpheus 

II (Molecular Dimensions), Classics (Qiagen) 

Awp3A 
24 mg/mL 

12mg/mL 

JCSG Core I (Qiagen), JCSG Core II (Qiagen), JCSG Core III (Qiagen), 

JCSG Core IV (Qiagen), Morpheus (Molecular Dimensions), Morpheus 

II (Molecular Dimensions), Classics (Qiagen) 

Awp14A 
22 mg/mL 

11 mg/mL 

JCSG Core I (Qiagen), JCSG Core II (Qiagen), JCSG Core III (Qiagen), 

JCSG Core IV (Qiagen), Morpheus (Molecular Dimensions), Morpheus 

II (Molecular Dimensions), Classics (Qiagen), Classics Lite (Qiagen) 

CtPth11 
10.8 mg/mL 

5.4 mg/mL 

JCSG Core I (Qiagen), JCSG Core II (Qiagen), JCSG Core III (Qiagen), 

JCSG Core IV (Qiagen), Morpheus (Molecular Dimensions), Morpheus 

II (Molecular Dimensions), Classics (Qiagen), AmSO4 (Qiagen) 

 

 

оΦ сΦ нΦ hǇǘƛƳƛȊŀǘƛƻƴ ƻŦ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ 

LŦ ŀ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴ ƛǎ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ƛƴƛǘƛŀƭ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎΣ ƛǘ ƛǎ ƻŦǘŜƴ 

ŦƻƭƭƻǿŜŘ ōȅ ŀƴ ƻǇǘƛƳƛȊŀǘƛƻƴ ƻŦ ǎŀƛŘ ŎƻƴŘƛǘƛƻƴ ǿƛǘƘ ǘƘŜ ǇǳǊǇƻǎŜǎ ƻŦ ŎǊȅǎǘŀƭ ǊŜǇǊƻŘǳŎǘƛƻƴ ŦƻǊ 

ŀŘŘƛǘƛƻƴŀƭ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ ƎǊƻǿƛƴƎ ŎǊȅǎǘŀƭǎ ǿƛǘƘ ŀ ōŜǘǘŜǊ ŘƛŦŦǊŀŎǘƛƻƴ ǉǳŀƭƛǘȅΦ ¦ǎǳŀƭƭȅΣ ǘǿƻ 

ŦŀŎǘƻǊǎ ƛƴŦƭǳŜƴŎƛƴƎ ǇǊƻǘŜƛƴ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ŀǊŜ ŀƭǘŜǊŜŘ ŀǊƻǳƴŘ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎƻƴŘƛǘƛƻƴΣ ŜΦ ƎΦ ǇI 

ŀƴŘ ǇǊŜŎƛǇƛǘŀƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴΦ 

 

3. 6. 2. 1. Optimization of Awp1A crystals 

A 24-well hanging drop vapor diffusion optimization screen was pipetted, as depicted in the 

scheme in Figure 6. The original crystallization solution contained 0.1 M MOPSO/Bis-Tris 

pH 6.5, 10% (w/v) PEG 8000, 20% 1,5-pentanediol, 0.5 mM erbium(III) chloride hexahydrate, 

0.5 mM terbium(III) chloride hexahydrate, 0.5 mM ytterbium(III) chloride hexahydrate, and 

0.5 mM yttrium(III) chloride hexahydrate85. For the optimization screen the ratios of MOPSO 

and Bis-Tris were changed to alter the pH and the concentrations of both precipitants were 

varied in the same proportion to each other. Erbium(III) chloride, terbium(III) chloride and 

ytterbium(III) chloride were present at a concentration of 0.5 mM each. A drop size of 1.2 µL 

was chosen, composed of 0.6 µL reservoir and 0.6 µL protein solution. Two drops were set, 

one using a protein concentration of 48 mg/mL, the other one using 24 mg/mL. The 

crystallization plate was incubated at 20 °C. 
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Figure 6: Optimization screen for Awp1A 

The pipetting scheme of the optimization screen is shown. MOPSO and Bis-Tris were used at a final concentration 

of 0.1 M MOPSO/Bis-Tris. The concentrations of PEG 8000 are given in (w/v), the concentrations of 

1,5-pentanediol are given in (v/v). Buffer mixing ratios were varied along the x-axis, the precipitant 

concentrations were changed along the y-axis. All reservoir solutions contained 0.5 mM erbium(III) chloride, 

0.5 mM terbium(III) chloride, and 0.5 mM ytterbium(III) chloride. 

 

3. 6. 2. 1. Optimization of Awp3A crystals 

The original crystallization condition of Awp3A contained 0.2 M MgCl2, 0.1 M Tris pH 7.0 and 

2.5 M NaCl. The condition was optimized in a hanging drop vapor diffusion setup, as described 

for Awp1A. The pH was varied along the y-axis of the optimization, in a range from 7.0 to 8.5, 

using increments of 0.5. Different precipitant concentrations were used along the x-axis of the 

screen, ranging from 1 M NaCl to 3.5 M NaCl, in increments of 0.5 M. The salt concentration 

(0.2 M MgCl2) remained unchanged. Additionally protein solution:reservoir ratios of 1:1, 1:2 

and 2:1 were used. The crystallization plate was incubated at 20 °C. 

 

оΦ сΦ оΦ /Ǌȅǎǘŀƭ ƘŀǊǾŜǎǘƛƴƎ ŀƴŘ ǎƻŀƪƛƴƎ 

When crystals stop growing or when the next beam time at a synchrotron is approaching, 

protein crystals are harvested and stored in liquid nitrogen for transport to the synchrotron, 

where diffraction data is collected. For some crystals, soaking may be required or desired at 

that point. The soaking process can serve different purposes, e. g. protection from ice 

formation, introduction of heavy atoms for phasing, or introduction of ligands into the protein 

crystals. 

Protein crystals typically have a high solvent content with usually observed values around 50% 

and a range from around 30% to 85%. In many cases, the solvent is an aqueous solution that 
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will form ice upon freezing. Ice formation lowers diffraction quality by disruption of the 

protein crystal structure and ice rings can be observed on the diffraction images. Thus, the 

process is often prevented by soaking protein crystals with cryoprotectants, such as glycerol, 

ethylene glycol or MPD. The necessity of introducing additional cryoprotectants depends on 

the crystallization condition. 

Another purpose of protein crystal soaking is the introduction of heavy atoms for solving the 

phase problem. Some phasing methods, such as multiple wavelength anomalous dispersion 

(MAD) or single wavelength anomalous dispersion (SAD) require the presence of heavy atoms 

showing said anomalous dispersion. These can be naturally present in the protein, for example 

as cofactors or as part of a ligand. If that is not the case, the experimenter can choose between 

several methods for the introduction of heavy atoms: The substitution of the methionine 

residues in a protein by selenomethionine (SeMet) is a common method called SeMet labeling. 

It has the advantage that the number of heavy atom sites within the asymmetric unit of the 

protein crystal ς a variable that may be decisive for the phasing process ς is already known. 

However, protein production, purification and crystallization may have to be adapted when 

working with SeMet labeled proteins. Additionally, some proteins do not have a sufficient 

amount of Met residues and one or even a few mutations need to be introducedς as a rule of 

thumb, at least one SeMet per 100 AA is required for phasing86,87. Another approach for heavy 

atom derivatization is soaking already existing crystals in heavy atom containing solutions. 

Soaking is a lot swifter than SeMet labeling, because overproduction, purification and 

crystallization do not have to be repeated. However, it is not predictable whether the protein 

crystal will endure the soaking process and whether the protein will bind the metal. A variety 

of heavy metal compounds are available for phasing purposes and also iodine and bromide 

can be used87. 

In some cases, ligands or a variety of potential ligands are introduced into the protein crystal 

by soaking. The structural context of ligand binding in a protein using an already known ligand 

can be examined in this way, but also ligand screening experiments are often conducted by 

soaking. In the recent years, fragment-based lead discovery (FBLD) has become a conventional 

approach for drug discovery. Protein crystals are soaked with a variety of low-molecular-mass 

molecules, i. e. fragments. If binding is observed, the fragments can be combined or upsized 

into lead compounds88. 

In this work, crystals were harvested and usually directly flash-frozen in liquid nitrogen 

without any additional cryoprotectant. To enable phasing of Awp3A by single wavelength 

anomalous diffraction (SAD), crystals were transferred to a drop of mother liquid, containing 

50 mM Gd(III) acetate. They were allowed to sit in this drop for 90 min and then flash-frozen 

in liquid nitrogen without any additional cryoprotectant. 
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Table 3: Fragment concentrations and soaking times used for fragment binding experiments on the CtPth11 
CFEM domain 

Fragment 

No. 

Concentration 

[mM] 

Soaking times  Fragment 

No. 

Concentration 

[mM] 

Soaking times 

1 50 10 sec  46 100 25 min 

2 50 23 h  47 100 30 min 

3 50 23 h  48 100 1 min, 20 min 

4 50 23 h  49 100 20 sec 

5 50 23 h  50 50*  2 ½ h 

6 100 2 min  51 100 1 h, 19 h 

7 50 20 min  52 100 3 min 

8 100 26 h  58 100 5 min 

9 50 2 min, 4 min  59 100 3 h 

10 50 26 h  60 100 7 min, 10 min 

11 100*  30 sec  61 100 3 h, 19 h 

12 100*  30 sec, 1 min  62 100 6 min 

13 50 26 h  63 50 19 h, 24 h 

14 100*  10 sec, 30 sec  64 50 19 h, 24 h 

15 100*  15 sec  65 100 3 h 

16 100 5 min  66 100 2 h 

17 100 5 min  67 50 15 sec, 6 min 

18 100 30 min, 50 min  68 50 3 h, 24 h 

20 50 3 h, 26 h  69 100 30 sec 

21 50 3 h, 26 h  70 50 3 h 

22 100*  10 min, 20 min  71 100 1 h, 3 h 

23 100 5 min, 3 h  72 100 3 h, 24 h 

24 100 20 min, 1 h  73 100 3 h, 24 h 

25 50 1 h  74 50 3 h, 24 h 

26 100 1 min  75 50 3 h, 24 h 

27 100 1 ½ h, 3 h  76 50 3 h, 24 h 

28 100 1 ½ h, 3 h  77 50 3 h, 24 h 

29 100 1 ½ h  78 50 3 h, 24 h 

31 50 1 h, 3 h  79 100*  2 min 

32 100 4 min, 10 min  80 50 3 h, 24 h 

33 100 10 min, 24 h  81 50 3 h 

34 50 3 h, 24 h  83 100 30 sec 

35 100 30 sec  84 100 10 sec, 1 min 

36 100 10 min  85 100 15 min, 20 min 

37 100 15 min, 50 min  86 50 3 h 

38 50 3 h, 4 h  87 100 20 min 

39 100 15 min, 90 min  88 100 1 ½ h 

40 100 1 h  89 100 12 min 

41 50 1 h, 24 h  90 50*  10 sec 

42 100 30 min  91 100 14 min, 15 min 

43 100 30 min  92 50*  30 sec 

44 100*  10 sec, 3 min  93 100 3 h 

45 100*  15 sec, 1 min  94 100 1 min, 2 min 

*  Fragment powder remaining undissolved was centrifuged and the supernatant was used for soaking. 

Fragment number refers to the Frag Xtal Screen from Jena Bioscience.  
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Crystals of the CtPth11 CFEM domain were soaked with fragments from the Frag Xtal Screen 

(Jena Bioscience), which were received as a kind gift from the group of Prof. Dr. Gerhard Klebe 

and Prof. Dr. Andreas Heine. 1 M fragment stock solutions (in DMSO) were mixed with mother 

liquor and glycerol (2.4 M ammonium sulfate, 0.8% MPD, 20% glycerol) to reach a final 

fragment concentration of either 100 mM or 50 mM, depending on the solubility of the 

fragment. Crystal soaking times of 3 h in the fragment containing solution were aimed for. If 

that time was not achievable, crystals were soaked as long as possible (up to 26 h), i.e. the 

crystals were harvested as soon as severe fractures were observed or when 26 h had passed. 

A summary of the soaking experiments conducted on CtPth11 can be found in Table 3. 

Appendix II contains a list of all datasets collected during the soaking experiments and the 

fragments used. 

 

оΦ сΦ пΦ tǊƛƴŎƛǇƭŜǎ ƻŦ ·πǊŀȅ ŘƛŦŦǊŀŎǘƛƻƴ 

The principles of X-ray diffraction are described in several excellent resources, both online and 

offline, in open-access resources and available for purchase. The topic is therefore only 

described briefly in this work. 

The prerequisite for being able to collect meaningful high resolution X-ray diffraction data is 

the presence of a crystal. Crystals are characterized by the periodic arrangement of a certain 

motif within a three-dimensional lattice. The repeating motif is referred to as the unit cell, the 

whole crystal can be recreated by translation of the unit cell in the three lattice directions (a, 

b, c). The smallest fragment of the crystal is the asymmetric unit, from which the unit cell can 

be recreated by symmetry operations. The symmetry of the molecules within a crystal is 

described by the crystallographic space groups. A combination of the seven crystal systems 

(triclinic, monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, cubic) and 14 Bravais 

lattices results in 230 space groups. But because proteins are chiral molecules, certain 

symmetry operations (such as inversion or reflection) cannot be performed. Thus, 65 space 

groups are viable in protein crystallography. Another common characteristic of crystals is 

mosaicity. In an impeccable crystal, all unit cells would be perfectly aligned. Naturally, most 

crystals are not perfect and show slight displacements of blocks of unit cells relative to each 

other, i.e. mosaicity. 

When the crystal is placed in an X-ray beam, an X-ray diffraction pattern is the result. 

Diffraction occurs when X-rays with a wavelength that approximately corresponds the lattice 

parameters of the protein crystal are directed at the crystal and can be explained by the Bragg 

model. It describes in which circumstances constructive interference of scattered X-ray beams 

can occur, resulting in Bragg reflexes. In this context, the crystal is regarded as a set of equally 

spaced planes that are parallel to each other (Bragg planes). Each plane acts as mirrors for the 

incident X-ray beam ς ǘƘŜ ŀƴƎƭŜ ƻŦ ƛƴŎƛŘŜƴŎŜ όʻύ Ŝǉǳŀƭǎ ǘƘŜ ŀƴƎƭŜ ƻŦ ǎŎŀǘǘŜǊƛƴƎΦ /ƻƴǎǘǊǳŎǘƛǾŜ 

interference of X-rays that are scattered from adjacent planes can only occur under certain 

circumstances, formulated as .ǊŀƎƎΩǎ ƭŀǿ (see formula below and Figure 7). 
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ςὨÓÉÎ— ὲ‗ 

Ř Ґ ǎǇŀŎƛƴƎ ōŜǘǿŜŜƴ ǇƭŀƴŜǎΤ ʻ Ґ ŀƴƎƭŜ ōŜǘǿŜŜƴ ǇƭŀƴŜ ŀƴŘ ·-ǊŀȅΤ ƴ Ґ ƛƴǘŜƎŜǊΤ ˂ Ґ ·-ray wavelength 

 

 

Figure 7: ±ƛǎǳŀƭ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ .ǊŀƎƎΩǎ ƭŀǿ 

X-Ǌŀȅ ōŜŀƳǎ ǿƛǘƘ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ˂ ƳŜŜǘ ǎŎŀǘǘŜǊŜǊǎ ŀǘ ǘƘŜ ƛƳŀƎƛƴŀǊȅ Bragg planes ς which are separated by the 

distance d ς ŀǘ ŀƴ ŀƴƎƭŜ ƻŦ ƛƴŎƛŘŜƴŎŜ ʻΦ ²ƘŜƴ ǘƘŜ ǘƻǘŀƭ ǇŀǘƘ ƭŜƴƎǘƘ ŘƛŦŦŜǊŜƴŎŜ нdsƛƴʻ ƛǎ ŀƴ ƛƴǘŜƎŜǊ ƴǳƳōŜǊ ƻŦ ˂Σ 

.ǊŀƎƎΩǎ ƭŀǿ ƛǎ ŦǳƭŦƛƭƭŜŘ ŀƴŘ ŎƻƴǎǘǊǳŎǘƛǾŜ ƛƴǘŜǊŦŜǊŜƴŎŜ ǿƛƭƭ ƻŎŎǳǊΦ 

 

оΦ сΦ рΦ tǊŀŎǘƛŎŀƭ ŀǇǇǊƻŀŎƘ ǘƻ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ 

!ƭƭ ŘŀǘŀǎŜǘǎ ŦǊƻƳ ǘƘƛǎ ǘƘŜǎƛǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ŀǘ ǘƘŜ 9{wC όōŜŀƳƭƛƴŜǎ L5нфΣ L5ноπмΣ L5ноπнύ ƻǊ ŀǘ 

ǘƘŜ {[{ όōŜŀƳƭƛƴŜǎ t·L ƻǊ t·LLLύΦ 

²ƘŜƴ ·πǊŀȅ ŘƛŦŦǊŀŎǘƛƻƴ Řŀǘŀ ƛǎ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ŀ ŎǊȅǎǘŀƭ ŀǘ ŀ ǎȅƴŎƘǊƻǘǊƻƴ ōŜŀƳƭƛƴŜΣ ǎŜǾŜǊŀƭ 

ŎǊƛǘŜǊƛŀ ǎƘƻǳƭŘ ōŜ ŀŘŀǇǘŜŘ ǘƻ ƳŜŀǎǳǊŜ ƘƛƎƘπǉǳŀƭƛǘȅ ŘŀǘŀǎŜǘǎ ƛƴ ŀ ǊŜŀǎƻƴŀōƭŜ ŀƳƻǳƴǘ ƻŦ ǘƛƳŜуфΦ 

!ǳǘƻƳŀǘƛŎ ǎŀƳǇƭŜ ŎƘŀƴƎŜǊǎ ŀǘ ǘƘŜ ǎȅƴŎƘǊƻǘǊƻƴǎ Ƴƻǳƴǘ ǘƘŜ ƭƻƻǇ ƻƴǘƻ ŀ ƎƻƴƛƻƳŜǘŜǊΣ ǿƘŜǊŜ ǘƘŜ 

ŎǊȅǎǘŀƭ ƛǎ ŎƻƻƭŜŘ ƛƴ ŀ ŎǊȅƻǎǘǊŜŀƳ ŀǘ млл YΦ wƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ǊŀǘƘŜǊ 

ǳƴǳǎǳŀƭ ƴƻǿŀŘŀȅǎΣ ōŜŎŀǳǎŜ ǘƘŜ ǊŀŘƛŀǘƛƻƴ ŘŀƳŀƎŜ ƛǎ ƭƻǿŜǊ ŀǘ ŎƻƭŘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ŀƭƭƻǿƛƴƎ 

ǘƘŜ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ŀ ŎƻƳǇƭŜǘŜ ŘŀǘŀǎŜǘ ŦǊƻƳ ŀ ǎƛƴƎƭŜ ŎǊȅǎǘŀƭΦ !ǘ ƭŜŀǎǘ ǘǿƻ ǘŜǎǘ ŜȄǇƻǎǳǊŜǎ ŀǘ 

ƻǊǘƘƻƎƻƴŀƭ ƻǊƛŜƴǘŀǘƛƻƴǎ όŜΦ ƎΦ лϲ ŀƴŘ флϲύ ŀǊŜ ŘƻƴŜ ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ǎǇŀŎŜ ƎǊƻǳǇ ŀƴŘ 

ŜǎǘƛƳŀǘƛƴƎ ƻǇǘƛƳŀƭ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ǇŀǊŀƳŜǘŜǊǎΦ ¢ƘŜ ǊŜǉǳƛǊŜŘ ŎŀƭŎǳƭŀǘƛƻƴǎ ŀǊŜ ŀǳǘƻƳŀǘƛŎŀƭƭȅ 

ŘƻƴŜ ōȅ ǘƘŜ Řŀǘŀ ŀŎǉǳƛǎƛǘƛƻƴ ŀƴŘ ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜΦ !ǘ ǘƘŜ 9{wCΣ ǘƘŜ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ǎƻŦǘǿŀǊŜ 

ƛǎ aȄ/ǳ.9 ŀƴŘ Řŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ǎǘǊŀǘŜƎƛŜǎ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ ōȅ ǘƘŜ 95b! ŦǊŀƳŜǿƻǊƪфлΤ ŀǘ ǘƘŜ {[{ 

ōƻǘƘ ǘŀǎƪǎ ŀǊŜ Ǌǳƴ ōȅ ǘƘŜ ŀǳǘƻƳŀǘƛŎ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜ 5!ҌфмΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ǊŜǎǳƭǘǎ ŦǊƻƳ 

ǘƘŜ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜ ǎƘƻǳƭŘ ōŜ ŜȄŀƳƛƴŜŘ ōȅ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŜǊ ŀƴŘ Ƴŀƴǳŀƭ ŜǎǘƛƳŀǘƛƻƴǎ 

ƻŦ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ǎƘƻǳƭŘ ōŜ ŘƻƴŜ ƛŦ ǊŜǉǳƛǊŜŘΦ 5ǳǊƛƴƎ ǘƘŜ ǿƻǊƪ ŦƻǊ ǘƘƛǎ tƘ5 ǘƘŜǎƛǎΣ ǘƘŜ 

ŜǎǘƛƳŀǘƛƻƴ ƻŦ ŀ ŎǊȅǎǘŀƭΩǎ ǊŜǎƻƭǳǘƛƻƴ ōȅ 5!Ҍ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ŦƭŀǿŜŘ ƛƴ Ƴŀƴȅ ŎŀǎŜǎΤ ǳǎǳŀƭƭȅ ǘƘŜ 

ŀǇǇǊƻǇǊƛŀǘŜ ŎǊȅǎǘŀƭπǘƻπŘŜǘŜŎǘƻǊ ŘƛǎǘŀƴŎŜ ƘŀŘ ǘƻ ōŜ ŜǎǘƛƳŀǘŜŘ ƳŀƴǳŀƭƭȅΦ 9ȄǇƻǎǳǊŜ ǘƛƳŜǎ ŀƴŘ 

ōŜŀƳ ƛƴǘŜƴǎƛǘȅ ǿŜǊŜ ƻŦǘŜƴ ŀŎŎŜǇǘŜŘ ŀǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǎƻŦǘǿŀǊŜΦ 5ŀǘŀǎŜǘǎ ŦƻǊ 
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{!5 ǇƘŀǎƛƴƎ ǿŜǊŜ ǘŜƴŘŜƴǘƛŀƭƭȅ ŎƻƭƭŜŎǘŜŘ ǿƛǘƘ ƭƻǿŜǊ ōŜŀƳ ƛƴǘŜƴǎƛǘȅ ǘƻ ǇǊŜǾŜƴǘ ŜȄǘǊŀ ǊŀŘƛŀǘƛƻƴ 

ŘŀƳŀƎŜΣ ǘƻ ǿƘƛŎƘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƘŜŀǾȅ ŀǘƻƳǎ Ŏŀƴ ŎƻƴǘǊƛōǳǘŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅΦ ¢ƘŜ ǿŀǾŜƭŜƴƎǘƘ 

ŦƻǊ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ƴŀǘƛǾŜ ŘŀǘŀǎŜǘǎ ǿŀǎ ǎŜǘ ǘƻ ŀǇǇǊƻȄƛƳŀǘŜƭȅ м ) όмнΦофу ƪŜ±ύΤ ǿƘŜƴ 

ŀƴƻƳŀƭƻǳǎ Řŀǘŀ ǿŀǎ ƳŜŀǎǳǊŜŘΣ ƛǘ ǿŀǎ ŎƘŀƴƎŜŘ ŀŎŎƻǊŘƛƴƎƭȅ όǎŜŜ tƛƪŜ Ŝǘ ŀƭΦутύΦ ¦ǎǳŀƭƭȅΣ Ǌƻǘŀǘƛƻƴ 

ǊŀƴƎŜǎ ƻŦ ƛƴ ǘƻǘŀƭ мулϲ ǘƻ ослϲ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘΣ ŜǾŜƴ ƛŦ ƴƻǘ ƴŜŎŜǎǎŀǊƛƭȅ ǊŜǉǳƛǊŜŘ ŦƻǊ ŎƻƭƭŜŎǘƛƴƎ ŀ 

ŎƻƳǇƭŜǘŜ ŘŀǘŀǎŜǘΦ !ǎ ŀ ƭŀǊƎŜǊ ǊŀƴƎŜ ƻŦ Ǌƻǘŀǘƛƻƴ ȅƛŜƭŘǎ ƳǳƭǘƛǇƭŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ǎȅƳƳŜǘǊȅπ

ŜǉǳƛǾŀƭŜƴǘ ǊŜŦƭŜŎǘƛƻƴǎΣ ƛǘ ǘƘŜƻǊŜǘƛŎŀƭƭȅ ǊŜǎǳƭǘǎ ƛƴ ƘƛƎƘŜǊπǉǳŀƭƛǘȅ ŘŀǘŀΦ IƻǿŜǾŜǊΣ ǊŀŘƛŀǘƛƻƴ 

ŘŀƳŀƎŜ Ƙŀǎ ǘƻ ōŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘ όŀƳƻƴƎǎǘ ƻǘƘŜǊ ŦŀŎǘƻǊǎύфнΦ 

Datasets for S-SAD phasing of CtPth11 were measured according to a specialized data 

collection strategy described by Basu et al.93, together with Dr. Vincent Olieric from the SLS, 

Villigen. The wavelength was set to 5.5 keV (2.25 Å) and a raster scan was used to determine 

the best diffracting location within the crystal. Then, the first 360°  ̟dataset was collected. 

The starting angle for data collection was altered by +рϲ ƛƴ  ŀƴŘ ˒ ƻǊƛŜƴǘŀǘƛƻƴǎ ŀƴŘ ŀƴƻǘƘŜǊ 

360°  ̟dataset was measured. This protocol was repeated, until the data collection statistics 

revealed significant radiation damage. Using this method, four datasets with acceptably low 

radiation damage could be collected from a single crystal. 

 

оΦ сΦ сΦ 5ŀǘŀ ǇǊƻŎŜǎǎƛƴƎ ŀƴŘ Řŀǘŀ ǊŜŘǳŎǘƛƻƴ 

Data processing consists of several steps: First, the space group of the crystal is determined ς 

a procedure called indexing. Then, the intensities of the measured reflexes are integrated and 

finally, they are scaled54. During data reduction, the data is scaled to produce internally 

consistent data. Several datasets can also be combined in this step, a process called merging94. 

In this work, mainly the program XDS54 was used for data processing and AIMLESS95 was used 

for data reduction. 

In XDS, data processing is done in consecutive steps: XYCORR, INIT, COLSPOT, IDXREF, DEFPIX, 

INTEGRATE, and CORRECT. Each step produces a log file, named after the step, with the 

ŀǇǇŜƴŘƛȄ άΦ[tέ ŀŘŘŜŘΦ Lƴ ǘƘŜ ·¸/hww ǎǘŜǇΣ ƎŜƻƳŜǘǊƛŎŀƭ ŎƻǊǊŜŎǘƛƻƴǎ ŀǊŜ ŀǇǇƭƛŜŘ ƛŦ ǊŜǉǳƛǊŜŘΦ 

Correction files have to be specified in the XDS ƛƴǇǳǘ ŦƛƭŜ όά·5{ΦLbtέύΦ LbL¢ ǘƘŜƴ ŎŀƭŎǳƭŀǘŜǎ ǘƘŜ 

gain of detector, i. e. it differentiates between background and reflexes. In the COLSPOT step, 

strong reflections are identified, which are then used for indexing during IDXREF. Possible 

space groups are determined in this step. XDS chooses the space group with the highest 

symmetry and a good quality of fit for further processing steps. If the chosen space group is 

found to be incorrect, the space group can also be specified by the user to enforce correct cell 

constants. In the subsequent process ς DEFPIX ς certain pixels of the detector are labelled to 

be ignored during the integration step. INTEGRATE then calculates the intensities of the 

reflections in the dataset and CORRECT corrects the calculated intensities for decay, 

absorption, and variations of detector surface sensitivity. Processing statistics are provided in 

ǘƘŜ ά/hww9/¢Φ[tέ ŦƛƭŜ ŀƴŘ ǘƘŜ ƻǳǘǇǳǘ ŦƛƭŜ ς ά·5{ψ!{/LLΦIY[έ ς is generated54. 
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After processing a dataset, the space group was reviewed and corrected if required. 

Additionally, the quality of the data was assessed and the resolution of the dataset was 

estimatŜŘ ǳǎƛƴƎ ǘƘŜ ǎǘŀǘƛǎǘƛŎǎ ǇǊƻǾƛŘŜŘ ƛƴ ǘƘŜ ά/hww9/¢Φ[tέ ŦƛƭŜΦ //όмκнύ ŀƴŘ Iκˋ ǿŜǊŜ ǘǊŜŀǘŜŘ 

ŀǎ Ƴŀƛƴ ƛƴŘƛŎŀǘƻǊǎ ŦƻǊ ǘƘŜ ŘŀǘŀǎŜǘΩǎ ǊŜǎƻƭǳǘƛƻƴΦ ¢ƘŜ ŘŀǘŀǎŜǘ ǿŀǎ ǘƘŜƴ ǇǊƻŎŜǎǎŜŘ ŀƎŀƛƴΣ ǿƛǘƘ 

space group and resolution already specified in XDS.INP. 

Data processing is followed by data reduction, which was done using AIMLESS95, run within 

CCP4i251. In this procedure the space group is determined a second time, because the indexing 

in the integration program only detects the lattice symmetry, which may not reflect the true 

symmetry. Symmetry related observations of reflections are then scaled and merged and a 

free-R set is generated, by default with 5% of the data94,95. Statistics given by AIMLESS were 

then used to reassess data quality and the resolution. 

 

оΦ сΦ тΦ {ǘǊǳŎǘǳǊŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ς ǎƻƭǾƛƴƎ ǘƘŜ ǇƘŀǎŜ ǇǊƻōƭŜƳ ό{!5Σ {π{!5 ϧ awύ 

To be able to determine the structure of a molecule from X-ray diffraction data, the phase 

problem must be solved. The real space (i.e. the electron density function) and the reciprocal 

space (i.e. the structure factors measured in the diffraction experiment) are related to each 

other via the Fourier transform. The real space can be used to calculate the reciprocal space, 

but not vice versa, because some information is lost during data acquisition. This missing 

information are the phases of the X-ray waves, therefore the dilemma of lacking information 

is referred to as the phase problem. The phase problem is described by following equation: 

”ὼώᾀ
ρ

ὠ
ȿὊὬὯὰȿϽὩ  

ˊόȄȅȊύ Ґ ŦǳƴŎǘƛƻƴ ƻŦ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ŀǘ Ǉƻǎƛǘƛƻƴ ȄȅȊΣ ± Ґ ±ƻƭǳƳŜ ƻŦ ǘƘŜ ǳƴƛǘ ŎŜƭƭΣ |F(hkl)| = structure factor 

amplitudes, ʊ(hkl) = phase associated with Fhkl 

 

Several methods are available for the determination of phases. The most commonly used 

method is Molecular Replacement (MR), which requires a model of a similar structure. Other 

methods do not rely on the availability of structural information92,96; among those, single-

wavelength anomalous diffraction (SAD) phasing has become the preferred structure solution 

method for many crystallographers92,97. 

 

  



  3. Methods 

52 
 

3. 6. 7. 1. SAD phasing enabled by heavy metal soaking 

For SAD phasing, the presence of anomalous scatterers is required to solve the phase problem. 

The anomalous scattering effect is especially strong for heavier atoms, thus some of the 

classical compounds brought into crystals for structure determination purposes contain Hg, 

Pt, U or Au87, but the use of lanthanides has also proven to be well suited for phase 

determination10,98,99. 

Anomalous diffraction occurs when heavy atoms are subjected to an X-ray wavelength at or 

near their absorption maximum. Therefore, the experiments may have to be conducted at 

tunable synchrotron beamlines, i. e. beamlines where it is possible to alter the X-ray 

wavelength. Absorption maxima are different for each atom and can either be determined 

experimentally or extracted from literature (e. g. found in Pike et al.87 or under 

http://skuld.bmsc.washington.edu/scatter/AS_periodic.html). When anomalous diffraction 

occurs, CǊƛŜŘŜƭΩǎ ƭŀǿ is broken. Certain reflections are related to each other by inversion 

through the origin (they occupy the positions h, k, l and ςh, -k, -l), these are referred to as a 

Friedel pairs. CǊƛŜŘŜƭΩǎ ƭŀǿ states that these have equal amplitude and opposite phase, hence 

the intensity of the reflections is equal. When it is not fulfilled, a difference in the intensities 

of this pair of reflections can be observed, called the Bijvoet difference92. 

To be able to determine the phases, the positions of the anomalous scatterers have to be 

determined first. This is achieved from the Bijvoet differences using Patterson or direct 

methods100. This results in two possible enantiomers, of which the correct one is selected by 

evaluating which hand provides the better electron density map for the partial structure. The 

heavy atom parameters are refined, before the starting phases for the protein are deduced 

from the calculated anomalous model phases. Finally, phases are improved by density 

modification92. 

To enable phase determination of Awp3A via SAD, crystals were soaked in a drop of mother 

liquor containing 50 mM Gd(III) acetate for 90 min, before they were frozen in liquid nitrogen. 

For data collection, the X-ray wavelength was set to 1.71237 Å, which is near the L-III 

absorption edge of Gd. Crystallographic phases of a SAD dataset were determined using 

CRANK2101. 

 

3. 6. 7. 2. Native SAD phasing using the anomalous diffraction from sulfur 

Native SAD phasing exploits the anomalous diffraction from atoms not heavier than calcium 

(atomic number 20) for structure solution. Such can occur naturally in the protein, in ligands 

(e. g. phosphorous in bound DNA or RNA), or in buffers. In many cases, the sulfur atoms from 

cysteine or methionine residues in the protein are used for native SAD phasing, a practice also 

referred to as S-SAD phasing102. Usually, the wavelength of the X-ray beam wavelength cannot 

be adjusted to be very close to the X-ray absorption edge of the atom addressed in this phasing 

approach. This results in only low anomalous signal, so the data has to be collected carefully 
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to increase the signal to noise ratio of the data by reduction of noise97. This is often achieved 

by collection of several datasets and merging the data93. Other approaches are also applied at 

beamlines specialized for the collection of native SAD datasets, i. e. longer wavelength ranges, 

vacuum or helium environment, or the usage of special detectors103. 

Datasets of CtPth11 crystals were collected at the SLS, beamline X06DA (PXIII), together with 

Dr. Vincent Oliereic. The data collection strategy described by Basu et al. in 2019 was applied 

ƛƴ ǘƘƛǎ ŎŀǎŜΥ {ŜǾŜǊŀƭ ослϲ ˖ ŘŀǘŀǎŜǘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŦǊƻƳ ŀ ǎƛƴƎƭŜ crystal, using a wavelength 

ƻŦ нΦнр )Φ !ŦǘŜǊ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ŀ ŘŀǘŀǎŜǘΣ  ŀƴŘ ˒ ƻǊƛŜƴǘŀǘƛƻƴǎ ǿŜǊŜ ƛƴŎǊŜƳŜƴǘŜŘ рϲ ŀƴŘ ǘƘŜ 

next 360° dataset was collected93. S-SAD datasets were then merged on site using a custom 

script for xscale54. The structure of the CtPth11 CFEM domain was solved using CRANK2101. 

 

3. 6. 7. 3. Molecular replacement (MR) 

If a structure of a protein with a low root-mean-square deviation (RMSD) to the target protein 

is accessible, the phase problem might be solved by Molecular Replacement (MR). A low RMSD 

is generally indicated by a high sequence identity, with a minimal sequence identity of 30% 

often suggested in literature. The critical point in MR is the model quality; thus models may 

have to be trimmed ς i. e. long loops or other flexible regions are removed, as well as bulky 

side chains ς or adapted otherwise (e. g. a polyalanine model can be used)92,96. 

The structure solution process is essentially a comparison of the measured data with the 

model data. To enable this process, Patterson maps are calculated from both the observed 

data and the model. The maps are then correlated, whereby 6N parameters must be 

established to define the solution: three rotation angles and three translations for each 

molecule (N) in the asymmetric unit. As this six-dimensional search would take very long, it is 

usually split into two three-dimensional searches: maps are rotated against one another, then 

translated. However, the correct rotation cannot be calculated with an unknown translation. 

A scoring algorithm has to be applied at this point to pick a small number of solutions to go on 

with104; in Phaser this is the maximum likelihood method105. If the searches are completed 

successfully, the initial phases can be calculated and an electron density map is generated104. 

In this thesis, Phaser105 was used to solve the structure of Awp1A, with Awp3A serving as a 

search model. The initial MR result was then subjected to 20 cycles of model building using 

the model mode in the ARP/wARP Web Service (running ARP/wARP version 8.0)55 to obtain a 

complete structural model. Phaser105 is also implemented in the DIMPLE pipeline, which was 

used to analyze the CtPth11 fragment screen data (see chapter 3. 6. 8.). 
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оΦ сΦ уΦ !ƴŀƭȅȊƛƴƎ ŦǊŀƎƳŜƴǘ ǎŎǊŜŜƴ Řŀǘŀ ς ǘƘŜ 5Lat[9 ǇƛǇŜƭƛƴŜ 

DIMPLE (DIfference Map PipeLinE) is an automated software pipeline designed to analyze 

crystals of a known protein that may have bound a ligand. It has been developed by the CCP4 

software group and the Diamond light source and can be run in CCP4106. A detailed description 

of the pipeline can be found under: https://ccp4.github.io/dimple/. The workflow applies 

rigid-body refinement to obtain the electron density map of the target structure; MR is done 

only when necessary. 

DIMPLE requires several input files: The model of the apo structure (pdb) and the 

corresponding reflection data (merged mtz) have to be given, as well as the target structure 

data (merged mtz). The target structure data is then prepared for rigid-body refinement in 

several steps: if the unit cell constants do not match the apo structure data, reindexing is 

required; this is done using POINTLESS. The data is then truncated (TRUNCATE) and 

FREERFLAG is run. When comparing data, it might be advisable to use consistent flags. DIMPLE 

therefore automatically assigns the same flags when the same pdb file is used. Alternatively, 

external reference flags may be given or the existing flags from the input mtz can be used. 

After these preparations, rigid-body refinement is done by REFMAC5, followed by a few more 

rounds of restrained refinement. Sometimes, MR is required before restrained refinement, 

this is done using Phaser. Finally, unmodelled blobs are identified. 

In this work, a custom script for running DIMPLE on a large amount of datasets measured at 

the SLS has been used (see Appendix III). The script is written for execution in the Unix shell, 

using the programming language Bash. The input of multiple datasets from the SLS is 

ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ŀ ǎǘŜǇ ŦƻǊ ƛŘŜƴǘƛŦȅƛƴƎ ά·5{ψ!{/LLΦIY[έ ŦƛƭŜǎ ǿƛǘƘƛƴ ŀ ǎŜǘ ƻŦ 

given directories. POINTLESS and AIMLESS are then run to obtain the merged mtz files from 

the XDS output files. Then DIMPLE is executed, with Free-R flags derived from the input mtz 

of the apo structure. 

 

оΦ сΦ фΦ {ǘǊǳŎǘǳǊŜ ǊŜŦƛƴŜƳŜƴǘ 

Structure refinement is done to achieve agreement between the structural models obtained 

in the structure solution process and the experimental data. This is necessary because the 

initial structural model usually contains errors, i.e. deviations from the electron density map 

or chemical or physical flaws. During refinement, water molecules and ligands are added as 

well. 

The refinement is carried out in iterative cycles of manual model building and computational 

refinement; the data are continuously evaluated by the examination of certain parameters 

during the process. Manual model building is done by inspecting the fit of the model to the 

electron density map and adjusting it appropriately. Computational refinement is done by 

statistical improvement of the model to better fit the diffraction data, commonly applying two 

different methods: maximum likelihood refinement (used in REFMAC107) or simulated 
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annealing (phenix.refine52). Both use restraints in respect to bond distances, bond angles, 

torsion angles, and temperature factors (B-factors). 

The main indicators for the progress and quality of a refinement are the R-factors, Rwork and 

Rfree. These serve as a measure of the agreement between the structural model and the 

experimental data and are calculated as follows: 

 

Ὑ  
ВȿȿὊ ȿ ȿὊ ȿȿ

ВȿὊ ȿ
 

Fobs = structure factor amplitudes of the experimental data, Fcalc = structure factor amplitudes calculated from 

the model 

 

Rwork is calculated from the working model, whereas Rfree is calculated from reflections 

excluded from the refinement process (by default 5% of reflections), providing a tool for cross-

validation. Rwork is always higher than Rfree, but large differences between the values indicate 

that the model is over-refined92. 

Most structures in this thesis were refined via iterative cycles of model building, performed in 

phenix.refine (part of the PHENIX crystallographic software suite52) and WinCoot53. The 

refinement of Awp3A-Gd was done in REFMAC5107 (run within the CCP4 software suite51) and 

WinCoot53. 
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4. Results 

4. 1. The cell wall proteome of Chaetomium thermophilum 

пΦ мΦ мΦ tǊŜŘƛŎǘƛƻƴ ƻŦ DtLπŀƴŎƘƻǊŜŘ ǇǊƻǘŜƛƴǎ 

For prediction of GPI-anchored proteins in C. thermophilum several features were considered. 

Firstly, GPI-anchored proteins have an N-terminal signal peptide, which targets them to the 

ER108. SignalP61 was used for identification of these signal peptides. The annotated 

C. thermophilum proteome contains 7165 protein sequences; an N-terminal signal peptide 

was identified in 562 sequences. Typically, GPI-anchored proteins do not contain any 

transmembrane helices108, absence of those was analyzed via TMHMM63. However, it must 

be considered that the GPI-anchor attachment sequence is recognized as a transmembrane 

helix108, therefore C-termini were ignored in this analysis. Among the 562 proteins with a 

signal peptide, transmembrane helices were not identified in 473 sequences. Finally, the Big-

PI Fungal Predictor was used for detection of C-terminal GPI anchor attachment sequences12. 

61 GPI-anchored proteins were predicted in this way. As an alternative approach for 

identification of GPI anchor ŀǘǘŀŎƘƳŜƴǘ sequences, a pattern search was conducted using the 

sequence described by de Groot et al.11. This search lead to a set of 76 predicted GPI-anchored 

proteins. By combining the Big-PI positives and the proteins identified by pattern search, a 

total of 79 predicted GPI-anchored proteins were derived. Assignment to different protein 

families was then done by consulting the UniProt database in combination with BLAST 

searches. 

Table 4 shows a list of 46 proteins, for which an assignment of either protein family or 

contained domains could be made. Proteins without any assignments are shown in Table 5. 

 

Table 4: Predicted GPI-anchored proteins with family or domain assignments 

UniProt-ID Description Family/Domains Big-PI Pattern  

G0S879 hypothetical protein CTHT_0037870 Agglutinin-like - + 

G0S3D9 alpha-amylase-like protein Alpha-amylase-like + + 

G0SAA8 hypothetical protein CTHT_0041610 
Alpha-carbonic anhydrase, zinc-ion 
binding 

- + 

G0RYL2  hypothetical protein CTHT_0007090 CFEM + + 

G0SBA5 hypothetical protein CTHT_0049520 CFEM + + 

G0SDR6  hypothetical protein CTHT_0052730 CFEM + - 

G0S3S8  hypothetical protein CTHT_0030500 CFEM + + 

G0S002  hypothetical protein CTHT_0008240 CFEM, Mad1-like + + 

G0S223  hypothetical protein CTHT_0015720 ChpA-C/DUF320 + + 

G0SEJ6 putative covalently-linked cell wall protein Contains PIR-repeat + + 

G0S1Y6  hypothetical protein CTHT_0015310 Cupredoxin + + 

G0S9D8 hypothetical protein CTHT_0045490 Cupredoxin - + 
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G0SEF6 putative cell wall protein Ecm33 + + 

G0SEN2 hypothetical protein CTHT_0064350 
Endonuclease/exonuclease/phosphatase-
like 

- + 

G0SEQ3 hypothetical protein CTHT_0064570 FAD-binding, false positive result? - + 

G0S7F5 hypothetical protein CTHT_0027960 Ferritin-like superfamily, Rds1 - + 

G0SG17 hypothetical protein CTHT_0064700 GH catalytic core, ASL-like - + 

G0S4P0  hypothetical protein CTHT_0023010 GH16 + + 

G0SFX7 putative cell wall protein GH16 + + 

G0S5R2 hydrolase-like protein GH16, ConA-like domain + + 

G0SCM1 putative cell wall protein GH16, LamG superfamily + + 

G0SA20 cell wall glucanase-like protein GH16, LamG-superfamily + + 

G0SFR4 hypothetical protein CTHT_0071830 GH17 + + 

G0S1A4  hypothetical protein CTHT_0012900 GH18, chitinase, LysM-domain + + 

G0SH28 hypothetical protein CTHT_0068470 GH45, cerato-platanin - + 

G0S1V8  hypothetical protein CTHT_0015000 GH64, thaumatin-like + + 

G0S6S8 
1,3-beta-glucanosyltransferase-like 
protein 

GH72/Gel1 + + 

G0S249 
1,3-beta-glucanosyltransferase-like 
protein 

GH72/Gel2 + + 

G0S7C3 chitosanase-like protein GH75, Endo-chitosanase - + 

G0SFA3 
mannan endo-1,6-alpha-mannosidase 
DCW1-like protein 

GH76/Dcw1 + + 

G0SFW3 
putative UPF0619 GPI-anchored 
membrane protein 

Kre9/Knh1 + + 

G0SHT5 hypothetical protein CTHT_0073300 Kre9/Knh1 + + 

G0SF37 phospholipase-like protein Lysophospholipase + + 

G0S1H4 aspartic-type endopeptidase-like protein 
Peptidase A1 family/aspartic-type 
endopeptidase 

+ + 

G0S4R8  hypothetical protein CTHT_0023290 
Peptidase A1 family/aspartic-type 
endopeptidase 

+ + 

G0S3I8  hypothetical protein CTHT_0021410 Peptidase A1/pepsin-like + + 

G0SAA2 hypothetical protein CTHT_0041530 Peptidase A1-domain/aspartic peptidase - + 

G0S6I1 phosphoric diester hydrolase-like protein 
PLC-like phosphodiesterase, TIM 
beta/alpha-barrel domain superfamily 

+ - 

G0SDH5 phosphoric diester hydrolase-like protein 
PLC-like phosphoric diesterase, TIM 
barrel 

- + 

G0SI08  hypothetical protein CTHT_0074060 Polyampholyte  + + 

G0S1M2  hypothetical protein CTHT_0014100 
SAP-like domain-containing 
protein/Aspartic peptidase A1 family 

+ + 

G0SGS6 Cu/Zn superoxide dismutase-like protein SOD-like Cu/Zn-domain + + 

G0S667  hypothetical protein CTHT_0034360 SUN family + + 

G0S3B5  hypothetical protein CTHT_0020420 SurE-like + + 

G0SAZ2 hypothetical protein CTHT_0048310 Tetratrico peptide repeat - + 

G0SDV4 hypothetical protein CTHT_0053120 Wsc-domain + + 

G0RXT8 guanyl-specific ribonuclease-like protein false positive result? + + 
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Table 5: Uncharacterized or unknown predicted GPI-anchored proteins 

UniProt-ID Description Big-PI Pattern 

G0SDD9 
putative structural constituent of cell wall 
protein 

+ + 

G0RXW9  hypothetical protein CTHT_0004570 + + 

G0S179  hypothetical protein CTHT_0012640 + + 

G0S4A7  hypothetical protein CTHT_0039500 + + 

G0S348 hypothetical protein CTHT_0019640 - + 

G0S193  hypothetical protein CTHT_0012780 + + 

G0S5B3  hypothetical protein CTHT_0024200 + + 

G0S5C3  hypothetical protein CTHT_0024300 + + 

G0S759  hypothetical protein CTHT_0027530 + + 

G0S4Y9  hypothetical protein CTHT_0032150 + + 

G0S6P8  hypothetical protein CTHT_0035150 + + 

G0S6S2  hypothetical protein CTHT_0035400 + + 

G0S8L8  hypothetical protein CTHT_0038540 + + 

G0S8N5  hypothetical protein CTHT_0038740 + + 

G0S8Q3  hypothetical protein CTHT_0039950 + + 

G0S9L3 hypothetical protein CTHT_0046300 + + 

G0SBG4 hypothetical protein CTHT_0050180 + - 

G0SDX5 hypothetical protein CTHT_0053340 + + 

G0SDZ7 hypothetical protein CTHT_0053570 + + 

G0SBN8 hypothetical protein CTHT_0054240 + + 

G0SBT2 hypothetical protein CTHT_0054690 + + 

G0SCA5 hypothetical protein CTHT_0056530 + + 

G0SCN2 hypothetical protein CTHT_0057830 + + 

G0SF62 hypothetical protein CTHT_0060930 + + 

G0SHI8 hypothetical protein CTHT_0070170 + + 

G0SI03  hypothetical protein CTHT_0074010 + + 

G0S306 hypothetical protein CTHT_0019200 - + 

G0S609 hypothetical protein CTHT_0025610 - + 

G0S671 hypothetical protein CTHT_0034410 - + 

G0SCW3 hypothetical protein CTHT_0058590 - + 

G0SFJ0 hypothetical protein CTHT_0071010 - + 

G0S0P3  hypothetical protein CTHT_0010740 + + 
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The set of predicted GPI-anchored proteins in C. thermophilum contains a variety of commonly 

encountered cell wall proteins, e. g. an agglutinin-like protein, proteins containing a CFEM 

domain, several members of GH-families, Ecm33, and a member of the SUNπŦŀƳƛƭȅммΣмнΦ 

 

пΦ мΦ нΦ tǊƻǘŜƻƳƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ƛǎƻƭŀǘŜŘ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭǎ 

The prediction of GPI-anchored proteins poses a useful tool to generate an overview of the 

cell wall proteome and the families represented therein. However, data must be interpreted 

with some reservations, as it may contain false positive or false negative results. Additionally, 

it is based on genomic data, thus proteins without any proteomic evidence are included as 

well. To obtain a more realistic picture of the C. thermophilum cell wall proteome, cell wall 

isolates were analyzed by MS/MS analysis after digestion with proteases (trypsin and LysC). 

Data analysis was done with Proteome Discoverer 2.4 (ThermoFisher), using SEQUEST as a 

search engine and the C. thermophilum proteome and a list of common contaminations found 

in MS samples as search libraries. 

Because significant differences between samples were observed in previous measurements, 

three samples were measured to ensure high quality of results. The quality of the three 

samples was found to be consistent. Sample 1 contained 44 proteins that met the quality 

criteria employed for data analysis. 14 of those were identified to be contaminants, including 

9 proteins from other cellular components. This results in the identification of 30 potential cell 

wall proteins. Sample 2 contained 41 proteins, with 10 contaminants (5 coming from other 

cell organelles) and 31 cell wall proteins. 46 proteins were identified in sample 3, 15 of those 

were classified as contaminants (9 from other cellular components) and 31 as cell wall 

proteins. In total, 34 potential cell wall proteins were identified in the samples, 26 of those 

were found in all samples. The differences between the cell wall samples is highlighted in 

Figure 8, a list of the identified proteins can be found in Table 6. 
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Figure 8: Venn diagram of C. thermophilum cell wall samples 

The diagram shows the amount of proteins identified in each sample. 26 proteins were found in all three samples. 

One protein was identified only in sample 1 (UniProt-ID indicated in the figure), and one only in sample 3. Two 

proteins were found in samples 1 and 2, but not in sample 3, three proteins in sample 2 and 3, but not in sample 1. 

G0S8P3 was found in sample 1 and 3, but not in sample 2. 

 

Table 6: List of proteins identified in isolated C. thermophilum cell walls (sorted by Sequest HT score) 

UniProt-ID Description (UniProt) GPI predicted Family/Domains/Orthologues 

G0SDK5 Endo-1,3(4)-beta-glucanase-like protein - 
GH16, peptidase M48 and ConA-
like domain 

G0SEU4 Hydrolase-like protein - GH17 

G0RZV2 SH3b domain-containing protein - 
GH24, endolysin T4 type, 
lysozyme-like, SH3-like bact type 

G0SFR4 Uncharacterized protein CTHT_0071830 + GH17 

G0SDZ7 Uncharacterized protein CTHT_0053570 +  

G0SH48 1,3-beta-glucanosyltransferase - 
GH72, X8 domain, probably 
anchored to PM via helix 

G0SFX7 Putative cell wall protein + GH16, ConA-like domain 

G0SA20 Glycosidase + GH16, LamG-superfamily 

G0S5W8 LysM domain-containing protein -*  
Cyanovirin-N, Gly zipper, LysM 
domain ς probable adhesin 

G0S763 Uncharacterized protein CTHT_0027570 - Bys1, osmotin/thaumatin-like 

G0RZV3 Uncharacterized protein CTHT_0004320 - 
SH3b-like bac type, peptidase C51, 
CHAP domain 

G0SCM1 Glycosidase + Crh1, GH16, ConA-like domain 

G0SG36 SH3b domain-containing protein - 
Hcy domain, SH3b domain, 
Papain-like - similar to NlpC/P60-
like protein 

G0SD45 Probable alpha/beta-glucosidase agdC - GH31, Gal mutarotase 

G0SF37 Lysophospholipase + PLA2c 

G0SBL0 Glyoxal oxidase-like protein - 5 x Wsc-domain, galactose oxidase 
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G0S9L3 Uncharacterized protein CTHT_0046300 +  

G0SFW3 
Putative UPF0619 GPI-anchored membrane 
protein 

+ Kre9/Knh1 

G0S2U2 C3H1-type domain-containing protein - 
contains C3H1-type Zn-finger 
domain 

G0S1A4 Chitinase + GH18, Chitinase, LysM-domain 

G0SA61 Uncharacterized protein CTHT_0041120 - 
6-blade b-propeller TolB-like, 
quinoprot gluc/sorb DH 

G0SB94 Exo-1,4-beta-D-glucosaminidase - GH2, Mannosidase, Ig GlcNase 

G0RZA2 Glucoamylase - 
6-hairpin glycosidase, CBM20, 
GH15 

G0S8P3 Serine-type endopeptidase-like protein - 
Fn3, Peptidase S8/S53, subtilisin - 
annotated as cell wall protein in 
the UniProt 

G0SCA5 Uncharacterized protein CTHT_0056530 +  

G0S3S8 CFEM domain-containing protein + CFEM 

G0SFS7 Uncharacterized protein CTHT_0071970 - 
similar to Neurospora crassa 
Acw12 

G0S6S8 1,3-beta-glucanosyltransferase + GH72/Gel1 

G0S3D9 Alpha-amylase + Alpha-amylase 

G0S249 1,3-beta-glucanosyltransferase + GH72/Gel2 

G0SEF6 Putative cell wall protein CTHT_0063570 + Ecm33 

G0S5M7 Catalase - Catalase class 2 

G0S1H4 Aspartic-type endopeptidase-like protein + 
Peptidase A1 family/aspartic-type 
endopeptidase 

G0S002 CFEM domain-containing protein + CFEM/Mad1 

*  no signal peptide predicted by SignalP 

The GPI anchor signal sequence was predicted using the Big-PI Fungal Predictor and the pattern search. 

 

In total, 17 of the predicted proteins were identified in the cell wall isolates. At this point, it 

has to be considered that not all GPI-anchored proteins are associated to the carbohydrate 

moiety of the cell wall, some remain at the plasma membrane (e. g. Dcw1). The prediction 

does not include sorting signals in the ̟- region of the GPI-attachment site12, hence 

identification of all predicted proteins in the cell wall isolates should not be expected. 

Interestingly, the analysis of cell wall isolates also revealed 17 proteins that were not included 

in the prediction. These proteins have a signal peptide, but no GPI anchor ŀǘǘŀŎƘƳŜƴǘ 

sequence was detected by the Big-PI Fungal Predictor - with the exception of G0S5W8, for 

which no signal peptide was predicted either. 
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пΦ мΦ оΦ LƳŀƎƛƴƎ ƻŦ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭǎ 

To provide first insights into the structure of the C. thermophilum cell wall, cells were imaged 

using TEM. Well-grown mycelium from liquid cultures was used for imaging; sample 

preparations were done by Dr. Thomas Heimerl from the Synmikro Electron Microscopy 

Facility. Selected images are shown in Figure 9 and Figure 10. 

 

 

Figure 9: TEM image of C. thermophilum 

C. thermophilum was imaged using TEM; the image shows fungal hyphae. The identified cellular components are 

labelled as follows: N = nucleus, PM = plasma membrane, CW = cell wall, ER = endoplasmic reticulum, 

M = mitochondria. 

 

Several organelles can be identified in the TEM images of C. thermophilum, including the 

nucleus, mitochondria, the endoplasmic reticulum, the plasma membrane and the cell wall. 

Further components could not be clearly identified and therefore remained unlabeled in 

Figure 9. The diameter of both hyphae shown were measured using the image analysis 

software Fiji109, revealing a diameter of ca 2.6 µm. 
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During sample preparation, the cell wall is partly detached from the plasma membrane. The 

cell wall is therefore not visible in parts of the image. A closer look on the C. thermophilum 

cell wall is provided in Figure 10, which provides insight into the cell wall structure. 

 

 

Figure 10: TEM image of the C. thermophilum cell wall 

An image of the C. thermophilum cell wall (CW) reveals the two layers of the cell wall: the less electron 

dense inner wall is mainly composed of the -̡1,3-glucan moiety of the cell wall; the outer more 

electron dense layer is mainly composed of mannoproteins. The plasma membrane (PM) appears as a 

very electron dense double layer. 

 

The two layers of the wall, which are described in literature, can be recognized in TEM images 

of C. thermophilum. The carbohydrate-rich inner part of the cell wall appears less electron 

dense (i. e. lighter) than the protein-rich outer part. The plasma membrane is visible as a 

bilayer with very high electron density. A cell wall thickness of ca 75 nm was measured. 
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4. 2. Analysis of cluster VI adhesins from C. glabrata 

пΦ нΦ мΦ CǳƴŎǘƛƻƴŀƭ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ !ǿǇΩǎ ōŀǎŜŘ ƻƴ ŀ {{b 

The SSN can be used as a tool for the identification of isofunctional subfamilies within a set of 

ǎƛƳƛƭŀǊ ǎŜǉǳŜƴŎŜǎΦ {ŜǉǳŜƴŎŜǎ ǿƛǘƘƛƴ ǘƘŜ ƴŜǘǿƻǊƪ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ŀǎ άƴƻŘŜǎέΣ ǘƘŜƛǊ 

relationship to each other is shown by lines connecting ǘƘƻǎŜΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŜŘƎŜǎέΦ ¢ƘŜ 

similarity between sequences within the network is assessed via all-by-all BLAST. An E-value 

is specified by the user as a cut-off for drawing edges. This leads to the formation of clusters 

of nodes that represent protein subfamilies. Additionally, the information gained from a SSN 

often allows the identification of orthologues, which could not be clearly assigned using a 

BLAST search alone110. In this context, the SSN was used as a tool to re-evaluate previous 

ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ ƻŦ !ǿǇΩǎ ƛƴǘƻ different subfamilies and to incorporate proteins from other 

organisms in the analysis and thereby exhibit possible orthologues. An SSN was created that 

used the ̡ -helical region of the Awp1 and Awp3b A-domains (see below) as search templates 

for iterative PSI-BLAST searches. After 10 rounds, the aligned sequences were combined and 

redundant sequences were removed, resulting in a total of 11737 sequences that served as 

an input for the SSN. Initial analysis was done with a E-value cut-off of 10-5, which was then 

decreased to 10-20 and 10-25, respectively, for edge removal. The resulting SSN contains 4507 

nodes with a pair-wise sequence identity greater than 80% for each node. 

 

 

Figure 11: Classes of fungal cell wall proteins of the Awp1/Hyr1/Hpf1-type 

The upper left panel shows the SSN of orthologues of Awp1, Awp3a, Awp3b and Awp4 (E-value cut-off 10-20), 

which were identified via 10 repeated rounds of PSI-BLAST and then merged. Bacterial classes are shown in 

different shades of grey; fungal classes are colored red. Fungal classes (color scheme shown on the left) are 

enlarged in the right panel. Awp1 and Awp3b are located in two different clusters. Also, the Iff family of adhesins 

forms a large cluster, as well as the numerous paralogs of Awp2.  
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The SSN consists of protein sequences from bacteria (colored grey in the upper left panel of 

Figure 11) and fungi (shown in red in the same panel). Among the 11737 sequences in the 

network (4507 nodes), 625 sequences (445 nodes) are of fungal origin. The majority of fungal 

sequences are from Saccharomycetes (colored in different shades of orange and green in 

Figure 11). Awp1/3 orthologues from Dothideomycetes, Taphrinomycetes and Basidiomycetes 

form their own subcluster. The largest cluster is the IFF4 subcluster, containing several 

members of the Iff family of adhesins, as well as Hyr1 and Hyr3 paralogs. S. cerevisiae Hpf1, 

Css1 and Awa1 form a common subcluster. Concerning the C. glabrata Awp proteins, Awp1 

and Awp3 form their own subclusters. The Awp1 subcluster contains 17 paralogs of Awp1 (17 

sequences forming 11 nodes) and the Awp3 subcluster is made up from four nodes (five 

sequences). Interestingly, Awp2 and Awp4 are members of the same subcluster, consisting of 

15 nodes (31 sequences). 

 

пΦ нΦ нΦ {ǘǊǳŎǘǳǊŀƭ ŀƴŀƭȅǎƛǎ ƻŦ !ǿǇо! 

4. 2. 2. 1. Cloning, expression and purification of Awp3A 

The Ser/Thr rich region of adhesins is subject to heavy glycosylation and therefore expected 

to be a flexible region. To increase the chance of crystallization, only the A-domain of Awp3 

(Awp3A) was expressed in E. coli and used for further experiments. A plasmid containing the 

domain was received by Prof. Dr. Piet de Groot (pRSETa-Thr_Awp3A). Because some features 

of pET28a(+) were regarded more favorable than certain features of the pRSETa vector (e. g. 

kanamycin resistance instead of ampicillin resistance), Awp3A was cloned into pET28a(+). This 

was achieved by digestion of pRSETa-Thr_Awp3A with BamHI and HindIII, followed by ligation 

into the pET28a(+) vector, which was also digested with named restriction enzymes 

beforehand. The resulting recombinant Awp3A contains an N-terminal His6-Tag to facilitate 

IMAC that is removable by thrombin cleavage. Theoretical properties of Awp3A were 

computed using the ProtParam tool (accessible via the ExPASy server)59. 

 

Name UniProt-ID 
Native amino 

acid range 
Length pI MW 

Extinction coefficient 

(280 nm)* 

Awp3A A0A6C0A1R4 20 ς 345 360 aa 5.67 38.7 kDa 28.225 mM-1 cm-1 

* assuming all cysteine residues form disulfide-linked cystines 

 

The expression strain E. coli SHuffle T7 Express was included in the test expression experiment, 

because the sequence of Awp3A contains 6 cysteine residues that may form disulfide bonds. 

The strain is engineered to support formation of disulfide bonds in the cytoplasm of the cells111 

and proved to be well suited for production of Awp3A. The protein was overproduced for 72 

h at 12 °C; expression was induced with 0.1 mM IPTG. 
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For purification, 2 ς 8 L liquid culture were used, depending on the application. Cells were 

lysed either by sonication or with the microfluidizer. The lysate was cleared by centrifugation, 

sterile-filtered and applied on a 5 mL Ni-NTA column. Washing steps with phosphate buffer 

containing 10 and 20 mM imidazole were done and the protein was eluted with buffer 

containing 500 mM imidazole. Resulting fractions, analyzed by SDS-PAGE, are shown in Figure 

12. For further purification by SEC, the elution fraction from Ni-NTA chromatography was 

concentrated and applied on either a HiLoad 26/600 Superdex 200pg column (320 mL column 

volume) or a HiLoad 16/600 Superdex 200pg column (120 mL column volume), depending on 

the expected quantity of Awp3A. SDS-PAGE analysis of the SEC, as well as the chromatogram, 

are depicted in Figure 12. Pure fractions from SEC were pooled and brought to the 

concentration required for further experiments, usually via concentrating the sample. Large 

scale expression of Awp3A resulted in a yield of approximately 6 mg of pure protein per L of 

culture. 

 

 

Figure 12: Purification of Awp3A 

A) The SEC chromatogram of the Ni-NTA elution fraction is shown. B) 12% SDS-PAGE analysis of the Ni-NTA 

purification of Awp3A. M: marker, L: lysate, FT: flow-through, W1: wash 1 (10 mM imidazole), W2: wash 2 (20 mM 

imidazole), E: elution (500 mM imidazole) C) The SDS-PAGE analysis of the SEC purification of Awp3A is pictured. 

A red marking indicates the fractions that have been used for the SDS-PAGE. 
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4. 2. 2. 2. Crystallization, soaking and structure solution 

Crystal growth could be observed at a protein concentration of 24 mg/mL in 0.2 M magnesium 

chloride, 0.1 M Tris pH 7.0, 2.5 M sodium chloride after two to three weeks of incubation at 

18 °C. The condition was optimized using a hanging-drop vapor diffusion setup, resulting in 

larger crystals (see Figure 13). Awp3A crystals were harvested from an optimized condition 

containing 0.2 M magnesium chloride, 0.1 M Tris pH 7.0, 3.0 M sodium chloride. As no protein 

with over 30% sequence identity could be found in the PDB, SAD phasing was chosen as an 

approach to solve the structure of Awp3A. Therefore, some crystals were soaked in 

Gd(III) acetate before taking them to the synchrotron. Awp3A crystals were also observed in 

an initial crystallization screen, growing in 0.1 M sodium phosphate, 0.1 M potassium 

phosphate, 0.1 M MES pH6.5, 2.0 M sodium chloride after several months. These were directly 

frozen without any additional cryoprotection and taken to the ESRF. 

 

 

Figure 13: Awp3A crystals 

A) Crystals of Awp3A that grew in a sitting-drop vapor diffusion setup at 18 °C in 0.2 M magnesium chloride, 

0.1 M Tris pH 7.0, 2.5 M sodium chloride after few weeks. B) The optimized crystallization condition: a hanging-

drop vapor diffusion setup with larger drop size (1.2 µL) was used, crystals were grown in 0.2 M magnesium 

chloride, 0.1 M Tris pH 7.0, 3.0 M sodium chloride at 20 °C. 

 

Awp3A crystallized in space group H 3 2 with following unit cell constants: a = b = 147.34 Å, 

c = 117.44 Å,  h=  ̡= 90°, ɹ  = 120°. Gd-soaked crystals diffracted to a resolution of 2 Å; 

processing was done in iMOSFLM112, scaling and data reduction were done in AIMLESS95, run 

in the CCP4i2 software suite51. Crystallographic phases of the SAD dataset were determined 

using the CRANK2 pipeline101, followed by refinement in REFMAC5107 and model building in 

ARP/wARP55. The structure was further refined in Coot53 and PHENIX52. The Gd-derivate of 

Awp3A is referred to as Awp3A-Gd hereafter. Data collection and refinement statistics are 

shown in Table 7.  
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Table 7: Data collection and refinement statistics of Awp3A and Awp3A-Gd (values in the parenthesis are for 
the outer shell) 

 Awp3A Awp3A-Gd 

Dataset name 2017_06_25-CC189A_x3 2017_06_25-CC213A_x2 

Data collection   

X-ray source ESRF, ID23-1 ESRF, ID29 

Wavelength (Å) 0.97625 1.71237 

Space group R 3 2 R 3 2 

Unit cell parameters (Å) a = b = 147.97, c = 117.77 a = b = 144.4, c = 113.95 

Resolution range (Å) 53.51  - 1.55 (1.61  - 1.55) 27.41  - 1.99 (2.06 - 1.99) 

Total no. of reflections 134731 (13321) 62641 (6200) 

No. of unique reflections 69278 (6889) 31321 (3100) 

Rmerge (%) 3.627 (42.99) 3.672 (12.86) 

I/ (̀I) 10.68 (1.84) 18.42 (4.90) 

Completeness (%) 96.96 (97.30) 99.92 (100.00) 

Multiplicity 1.9 (1.9) 2.0 (2.0) 

CC1/2 0.999 (0.431) 0.997 (0.924) 

Refinement   

Rwork/Rfree (%) 15.93/18.79 19.03/22.78 

No. of atoms 3117 2658 

Average B factor (Å2) 28.78 37.13 

R.m.s. deviations   

Bond length (Å2) 0.008 0.014 

Bond angles (°) 0.99 2.02 

Ramachandran plot (%)   

Favoured 96.93 96.68 

Allowed 3.07 2.99 

Outliers 0.00 0.33 

Rotamer outliers (%) 0.35 3.09 

 

The asymmetric unit of Awp3A-Gd contains one molecule of Awp3A and 42 Gd3+ ions (see 

Figure 14). The A-domain of Awp3b consists of 33 ̡-ǎǘǊŀƴŘǎ ŀƴŘ ŀ ǎƘƻǊǘ ʰ-helix between 

strands 31 and 32. It can be divided into two domains: a parallel right-ƘŀƴŘŜŘ ʲ-helix with 

three ŦŀŎŜǎΣ ŀƴŘ ŀƴ ʰ-crystallin domain. Due to uninterpretable electron density, the following 

residues could not be modelled in the structure of Awp3A-Gd: S75 ς D82 and S320 ς E322. 

These gaps are both located in loop regions. 

Crystals of Awp3A obtained in 0.1 M sodium phosphate, 0.1 M potassium phosphate, 0.1 M 

MES pH6.5, 2.0 M sodium chloride diffracted to 1.55 Å resolution. The structure was solved in 

Phaser105, using Awp3A-Gd as a model. Iterative cycles of real space and reciprocal space 

refinement were done in WinCoot53 and via phenix.refine52. In contrast to the heavy atom 

derivate (Awp3A-Gd), the electron density of the native structure of the Awp3 A-domain 

(Awp3A) is clearly defined in all parts of the structure. The conformation of some loops is 

different in both structures, indicating flexibility of these regions. 
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Figure 14: Comparison between native Awp3A and the Gd-derivate 

A) Cartoon and surface representation of Awp3A. Na (shown in light pink) and Cl (colored green) are bound to 

the structure. B) Cartoon and surface representation of Awp3A-Gd; the 42 Gd3+ ions are represented as orange 

spheres. C) Comparison between the protein moieties of the two structures. Awp3A is shown in red, Awp3A-Gd 

is shown in green. The structures are highly similar to each other, with minor changes in the conformation of 

some loops. Additionally, a few residues (S75 ς D82 and S320 ς E322) could not be modelled in Awp3A-Gd due 

to unclear electron density. 

 

пΦ нΦ оΦ {ǘǊǳŎǘǳǊŀƭ ŀƴŀƭȅǎƛǎ ƻŦ !ǿǇм! 

4. 2. 3. 1. Cloning, expression and purification of Awp1A 

A plasmid containing the A-domain of Awp1 (Awp1A) was received from Prof. Dr. Piet de Groot 

(pRSETa-Thr_Awp1A). Just as Awp3A, Awp1A was cloned into pET28a using the restriction 

enzymes BamHI and HindIII. The recombinant Awp1A with an N-terminal His6-Tag was 

produced in E. coli SHuffle T7 Express at 12 °C for 72 h; induction was done with 0.1 mM IPTG. 

The theoretical properties of Awp1A were computed with ProtParam59. 

 

Name UniProt-ID 
Native amino 

acid range 
Length pI MW 

Extinction coefficient 

(280 nm)* 

Awp1A Q6FPN0 18 ς 325 341 aa 4.94 35.7 kDa 16.515 mM-1 cm-1 

* assuming all cysteine residues form disulfide-linked cystines 

 

2 ς 8 L liquid culture were used for purification; cells were broken either by sonication or with 

the microfluidizer. After clearing and sterile-filtering, the lysate was applied on a 5 mL Ni-NTA 
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column. A washing step was done with phosphate buffer containing 30 mM imidazole and 

Awp1A was eluted using buffer with 250 mM imidazole. Analyzed fractions are shown in 

Figure 15. SEC was done as a polishing step of the purification process, using either a HiLoad 

26/600 Superdex 200pg column or a HiLoad 16/600 Superdex 200pg column, depending on 

the expected quantity of purified protein. Fractions from SEC that contained pure Awp1A were 

pooled and brought to the concentration required for further experiments. A yield of 

approximately 7 mg pure protein per L of culture could be achieved. 

 

 

Figure 15: Purification of Awp1A 

A) The SEC chromatogram for the purification of Awp1A is shown. B) The 12% SDS-PAGE analysis of the Ni-NTA 

purification of Awp1A. M: marker, L: lysate, FT: flow-through, W1: wash 1 (10 mM imidazole), W2: wash 2 (30 mM 

imidazole), E: elution (250 mM imidazole). C) The SDS-PAGE analysis of the purification of Awp1A via SEC is 

shown. A red marking indicates the fractions in the SEC chromatogram, which have been used for the SDS-PAGE 

analysis. 

 

4. 2. 2. 2. Crystallization and structure solution 

Crystals of the Awp1 effector domain grew in several conditions, using protein concentrations 

of 48 mg/mL and 24 mg/mL. Mainly thin needle-shaped crystals were observed, forming 

brushes or sea urchins in many conditions (see Figure 17). Thicker needles were harvested and 

taken to the ESRF for data collection. Native crystals of Awp1A diffracted to a maximum 

resolution of around 2.5 Å, showing moderate anisotropy. Because Awp1 and Awp3 belong to 

the same subfamily of putative adhesins, structural similarity was expected. Additionally, the 

sequence identity and similarity of the effector domains (ranging from amino acid 19 to 325 
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in Awp1 and from 20 to 345 in Awp3b) are 25.1% and 40.6%, respectively, indicating a 

sufficient resemblance for MR. However, structure solution attempts failed. 

Optimization of the crystals was conducted to gain higher quality datasets. Additionally, 

reproduction of these well diffracting crystals for ab initio structure solution was expected to 

be required. An optimized crystallization condition for Awp1A, containing 0.1 M MOPSO/Bis-

Tris pH 6.5, 10% (w/v) PEG 8000, 20% 1,5-pentanediol, 0.5 mM erbium (III) chloride, 0.5 mM 

terbium (III) chloride, and 0.5 mM ytterbium (III) chloride was found. Resulting crystals 

diffracted to a resolution of up to 1.85 Å with some anisotropy. Crystals of the Awp1 effector 

domain that were soaked in various heavy atom solutions. However, various attempts of 

heavy atom phasing did not initially result in structure determination. Most heavy metals 

soaked into the crystal were either not bound (no anomalous signal could be detected) or the 

anomalous diffraction was very weak and did not reach a high resolution (in most cases 

anomalous diffraction to a resolution of only 6 Å could be detected). Also anomalous 

diffraction from the heavy atoms that were already present in the crystallization condition 

(erbium, terbium, and ytterbium) could not be observed. 

 

 

Figure 16: Crystals of the Awp1 effector domain 

The effector domain of Awp1 formed needle-shaped crystals in several conditions: (A) 0.1 M MOPSO/Bis-Tris 

pH 6.5, 12.5% (w/v) PEG 4000, 20% (v/v) 1,2,6-hexanetriol, Amino acid II mix (1:10), (B) 0.1 M MOPSO/Bis-Tris 

pH 6.5, 10% (w/v) PEG 8000, 20% 1,5-pentanediol, Lanthanide mix (1:10), (C) 0.1 M MOPSO/Bis-Tris pH 6.5, 12.5% 

(w/v) PEG 4000, 20% (v/v) 1,2,6-hexanetriol, Lanthanide mix (1:10), (D) 0.1 M MOPSO/Bis-Tris pH 6.5, 12.5% 

(w/v) PEG 4000, 20% (v/v) 1,2,6-hexanetriol, Alkali mix (1:10), (E) 0.1 M HEPES pH 7.5, 10% (w/v) PEG 6000, 5% 

(v/v) MPD, (F) 0.1 M MOPSO/Bis-Tris pH 6.5, 12.5% (w/v) PEG 4000, 20% (v/v) 1,2,6-hexanetriol, Alkalis mix 

(1:10)85 with a protein concentration of 24 mg/mL.  
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Figure 17 Crystal of the Awp1 effector domain and its diffraction image 

A) A photograph of the crystal before its characterization is shown. Its diffraction pattern is shown in B), the 

detector resolution at the edge is 2 Å. The data collection of 2018_06_28-CC223A_x6 is shown. 

 

Ultimately, the data collection represented in Figure 17 yielded a structure solution. The 

protein crystallized in space group P 43 21 2 with two molecules per asymmetric unit; the 

crystal diffracted to a resolution of 1.85 Å. Structure solution was done by MR in Phaser105 

with Awp3A as a template, resulting in an incomplete model of Awp1A, with an Rfree of 55.1%. 

Even though the Rfree does not indicate structure solution, the data was used as an input for 

model building using the ARP/wARP Web Service55. After 10 cycles of model building, which is 

the default setting in ARP/wARP, the Rfree dropped to 40.9% and 46% of expected residues 

were build. Finally, running 10 additional cycles lead to a decrease of Rfree/Rwork to 26.2/22.8% 

and 609 of 648 amino acids were modelled. Statistics after refinement using Coot53 and 

phenix.refine52 are presented in Table 8; the structure of Awp1 is shown in Figure 18. Just as 

!ǿǇо!Σ !ǿǇм! Ŏƻƴǎƛǎǘǎ ƻŦ оо ʲ-stranŘǎ ŀƴŘ ŀ ǎƘƻǊǘ ʰ-ƘŜƭƛȄ ōŜǘǿŜŜƴ ʲ-strands 31 and 32. It 

contains a triangular right-ƘŀƴŘŜŘ ǇŀǊŀƭƭŜƭ ʲ-helix and ŀƴ ʰ-crystallin domain as well. 

 

пΦ нΦ пΦ {ǘǊǳŎǘǳǊŜǎ ƻŦ ǘƘŜ !πŘƻƳŀƛƴǎ ƻŦ ŎƭǳǎǘŜǊ ±L ŀŘƘŜǎƛƴǎ !ǿǇм ŀƴŘ !ǿǇо 

Both, Awp1A and Awp3A consist of a -̡ƘŜƭƛȄ ŘƻƳŀƛƴ ŀƴŘ ŀƴ ʰ-crystallin domain. They are 

structurally highly similar to each other, with a root mean square deviation (RMSD) of 1.466 Å 

with 1300 aligned atoms (calculated via structure-based alignment in PyMOL). One could 

presuppose this, as both proteins belong to the same subfamily of putative adhesins, i. e. 

cluster VI (see chapter 1.3). In this context the sequence identity and similarity of 22.1% and 

32.4% (aligned via EMBOSS Needle), respectively, should be mentioned. Sequence identity 

and similarity of these effector domains (ranging from amino acid 19 to 325 in Awp1 and from 

20 to 345 in Awp3b) are 25.1% and 40.6%, respectively. The initial difficulties in solving the 

structure of Awp1A were therefore unexpected. 
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Figure 18: Overall structures of Awp1A and Awp3A 

A) Structure of Awp1A is shown on the left in cartoon representation, colored in a rainbow-scheme. The 

N-terminus is colored blue, the C-terminus is shown in red. Disulfide bonds are indicated by yellow sticks and 

spheres. The two domains both proteins consist of are indicated in different colors on the right, on Awp3A. The 

N-ǘŜǊƳƛƴŀƭ ʲ-ƘŜƭƛȄ ŘƻƳŀƛƴ ƛǎ ǎƘƻǿƴ ƛƴ ƎǊŜŜƴΣ ǘƘŜ ʰ-crystallin domain is pictured in cyan. Awp3A contains 3 

disulfide bonds (shown in yellow), of which only one is also present in Awp1A. B) Structural comparison between 

Awp1A (blue) and Awp3A (green), represented in two different orientations. The A-domains are structurally 

similar to each other, with an RMSD of around 1.4 Å. 
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Table 8: Data collection and refinement statistics for Awp1A (values in the parenthesis are for the outer 
shell) 

 Awp1A 

Dataset name 2018_06_28-CC223A_x6 

Data collection  

X-ray source ESRF, ID29 

Wavelength (Å) 0.97717 

Space group P 43 21 2 

Unit cell parameters (Å) a = b = 83.28, c = 274.24 

Resolution range (Å) 45.81  - 1.85 (1.92  - 1.85) 

Total no. of reflections 165589 (16103) 

No. of unique reflections 83156 (8101) 

Rmerge (%) 2.97 (34.94) 

I/ (̀I) 12.64 (1.62) 

Completeness (%) 99.16 (97.48) 

Multiplicity 2.0 (2.0) 

CC1/2 0.998 (0.95) 

Refinement  

Rwork/Rfree (%) 18.79/20.83 

No. of atoms 5262 

Average B factor (Å2) 51.43 

R.m.s. deviations  

Bond length (Å2) 0.004 

Bond angles (°) 0.67 

Ramachandran plot (%)  

Favoured 96.89 

Allowed 2.62 

Outliers 0.49 

Rotamer outliers (%) 1.31 

 

The major structure motif of the A-domains of Awp1 and Awp3 is the N-terminal right-handed 

parallel ̡ -helix with three faces. !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƴƻƳŜƴŎƭŀǘǳǊŜ ŦƻǊ ʲ-helices introduced by 

Yoder & Jurnak113Σ ǘƘŜ ǘƘǊŜŜ ʲ-strands forming a single turn are referred to as PB1, PB2, and 

PB3; loops between them are labeled T1 (connecting PB1 and PB2), T2 (PB2 and PB3), and T3 

(PB3 and PB1 of the next turn), as indicated in Figure 19 A. Along the whole ̡ -helix, T2 and T3 

loops are very short, whereas T1 loops are more extended. Awp3A contains three disulfide 

bonds, of which two are placed within the latter loop regions. The third one is placed near its 

C-terminus and is not resolved in Awp3A-Gd. The disulfide bonds within the T1 loops are not 

observed in Awp1A, only the one near the C-terminus is preserved. 

Both structures display several features that are well conserved in parallel ̡ -helix proteins. 

Within the ̡ -helix domains of Awp1A and Awp3A, stacks of hydrophobic amino acids can be 

observed (see Figure 19 B). These are not perfectly aligned but slightly offset, which is 

achieved by twisting the ̡-helix. This prevents an energetically unfavorable alignment of the 
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aromatic side chains, in which the -̄electron clouds would repel one another. In addition, the 

asparagine ladder, which can be detected in the T3 turns of both structures, has also been 

described as a typical feature of ̡-helix proteins. In Awp1A, it is composed of five asparagines, 

where each side chain forms a hydrogen bond to the next one. Both features provide 

additional stability and rigidity to the ̡-helix114,115. In case of the Awp1 A-domain, further 

amino acid stacks can be observed ƻƴ ǘƘŜ ƳƻǘƛŦΩǎ ǎǳǊŦŀŎŜΦ ¢ƘŜǎŜ ŀǊŜ ǎerine/ threonine ladders, 

which are not typical for ̡  ƘŜƭƛȄ ǇǊƻǘŜƛƴǎ (see Figure 19 D). 

 

 

Figure 19: CŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ʲ-helix domains of Awp1A and Awp3A 

!ύ ! ǎƛƴƎƭŜ ǘǳǊƴ ƻŦ ǘƘŜ ʲ-helix domain is shown from above and labeled according to the standard nomenclature 

ǳǎŜŘ ŦƻǊ ʲ-helices113Φ ¢ƘŜ ʲ-strands PB1 and PB2 are packed against each other, while PB3 is placed perpendicular 

in relation to them. The T1 loops are elongated in both structures, whereas T2 and T3 loops are very short. 

B) !ǿǇм! ƛǎ ŘŜǇƛŎǘŜŘ ŦǊƻƳ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ʲ-helix. Stacking of hydrophobic residues can be observed inside the 

domain, involving leucine, isoleucine, and phenylalanine residues. C) A stack of asparagine residues inside the 

-̡helix is found in both, Awp1A and AǿǇо!Φ {ƛƳƛƭŀǊ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿŜǊŜ ŀƭǎƻ ƻōǎŜǊǾŜŘ ƛƴ ƻǘƘŜǊ ʲ-helix 

proteins114. D) Ladders of similar residues are also ǇƭŀŎŜŘ ƻƴ ǘƘŜ ƻǳǘŜǊ ŦŀŎŜ ƻŦ ǘƘŜ !ǿǇм! ʲ-helix, namely stacks 

of serine, threonine, and asparagine. 
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пΦ нΦ рΦ .ƛƴŘƛƴƎ ǎǘǳŘƛŜǎ ƻƴ !ǿǇм! ŀƴŘ !ǿǇо! 

Due to the clear structural similarity between Awp1A and Awp3A and various polysaccharide 

binding proteins, carbohydrate binding studies were conducted: A TSA served as quick and 

easy screening method for analyzing potential binding of smaller polysaccharides that were 

available in the lab. Additionally, both proteins were sent to the Consortium of Functional 

Glycomics (CFG) to analyze binding properties on a glycan array. 

 

4. 2. 5. 1. Ligand screening via TSA 

The TSA provides a convenient screening method that can be done in a short time with a 

ǊŜƭŀǘƛǾŜƭȅ ƭƻǿ ŀƳƻǳƴǘ ƻŦ ǎŀƳǇƭŜΦ ¢ƘŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ŀ ǇǊƻǘŜƛƴΩǎ ƳŜƭǘƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ Ŏŀƴ 

serve various purposes, usually an increase of protein stability is looked for by screening the 

thermal stability in various buffers or in presence of potential ligands. As proteins tend to be 

more thermally stable when their cognate ligand is bound, a thermal shift, i. e. a shift of 

melting temperature, is an indication for protein-ligand-interaction116. 

 

 

Figure 20: Results of the TSA for Awp3A 

The melting temperature of Awp3A without any potential ligands added is used as a base line. The bars show the 

deviation of the melting temperatures of Awp3A in presence of the indicated glycan. A significant increase in 

melting temperature by 4.2 °C could be observed in the presence of 50 mM aŀƴʰм-6Man. 
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A melting temperature of 59.5 °C was measured for Awp3A in SEC buffer without any potential 

ƭƛƎŀƴŘǎ ŀŘŘŜŘΦ Lƴ ǘƘŜ ƭƛƎŀƴŘ ŘƛǎŎƻǾŜǊȅ ŜȄǇŜǊƛƳŜƴǘΣ ŀŘŘƛǘƛƻƴ ƻŦ ʰ-1,6-mannobiose revealed an 

increase in melting temperature by 4.2 ϲ/Φ hǘƘŜǊ ƳŀƴƴƻōƛƻǎŜ ŎƻƳǇƻƴŜƴǘǎ όʰ-1,2-

mannƻōƛƻǎŜΣ ʰ-1,3-ƳŀƴƴƻōƛƻǎŜΣ ʰ-1,4-mannobiose) did not induce any significant changes in 

melting temperature, which is common for glycan binding proteins, as these proteins tend to 

be very specific and a change in the connection of the mannose units can alter the glycan 

structure significantly. Interestingly, also mannotetraose and mannopentaose did not induce 

any significant changes in melting temperature, although both compounds contain 

-h1,6-mannobiose. A TSA conducted with Awp1A with the same set of potential ligands did 

not show any thermal shifts (Appendix IV). 

¢ƘŜ ǇƻǎǎƛōƭŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ !ǿǇо! ŀƴŘ ʰ-1,6-mannobiose was also examined via ITC, where 

no binding event could be observed (Appendix V). However, ITC experiments with 

carbohydrates may not reveal any binding, although present, because the release of ordered 

water molecules may compensate for the temperature change that is generated via the 

binding process. To further investigate a possible interaction, Awp3A crystals were soaked 

with highly coƴŎŜƴǘǊŀǘŜŘ ʰ-1,6-mannobiose solution (1 M). In the structure obtained in this 

experiment, additional electron density is present (see Figure 21). However, this density can 

be unambiguously assigned to the His6-¢ŀƎ ƻŦ !ǿǇо!Φ Lƴ ŎƻƴŎƭǳǎƛƻƴΣ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ʰ-1,6-

mannobiose leads to conformational stabilization of the His6-Tag, but no specific binding of 

Awp3A to this glycan could be determined. 

 

 

Figure 21: {ǘǊǳŎǘǳǊŜ ƻŦ !ǿǇо!Σ ǎƻŀƪŜŘ ǿƛǘƘ м a ʰ-1,6-mannobiose 

The overall structure of Awp3 is shown in cartoon style, with the ordered His6-Tag depicted as sticks. E121 

interacts with a sodium ion (purple sphere), to which the His6-Tag is bound. The 2mFobs-DFcalc map at a contouring 

level of 2.0 ̀  is depicted for the His6-Tag.  
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4. 2. 5. 2. Glycan array screening 

Due to the high structural similarity to various glycan binding proteins and the lack of 

availability of a wide variety of potential ligands in the lab, the binding properties of both, 

Awp1A and Awp3A, were analyzed via the Mammalian Glycan Array version 5.2 from the CFG. 

Glycan arrays have proven to be an efficient tool for determination of ligand binding patterns 

of glycan-binding proteins. The method requires only a small amount of sample, while a large 

library of glycans can be screened against117. Therefore, purified protein samples with a 

concentration of 50 µg/mL in SEC buffer were sent to the CFG, where the experiment was 

conducted. Detection was done via an anti-His antibody, coupled to AlexaFluor 488, to enable 

detection without masking any residues that may be involved in the binding process. The data 

is deposited under cfg_rRequest_3531. No binding to the glycans presented on the chip was 

detected (Appendix VI). 

 

4. 3. Analysis of the cluster III adhesin Awp14 

пΦ оΦ мΦ /ƭƻƴƛƴƎΣ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ !ǿǇмп! 

pET28b(+) containing the A-domain of Awp14 (Awp14A) has been received from Prof. Dr. Piet 

de Groot (pET28b_Awp14). An N-terminal His6-Tag enables protein purification via IMAC. 

Theoretical properties of Awp14A were computed via ProtParam59. 

 

Name 
Candida 

database ID 

Native amino 

acid range 
Length pI MW 

Extinction coefficient 

(280 nm) 

Awp14A CAGL0L00157g 22 ς 400 413 aa 5.49 45.95 kDa 45.27 mM-1 cm-1 

 

As Awp14A only contains one cysteine residue, formation of disulfide bonds can be excluded. 

Accordingly, the protein was produced in E. coli BL21 (DE3) Gold at 12 °C for 72 h. Induction 

of protein expression was done by addition of 0.1 mM IPTG. 2 ς 8 L of expression culture were 

used for purification of Awp14A. The cells were lyzed by sonication or using the microfluidizer. 

The lysate was cleared and sterile-filtered and loaded on a 5 mM Ni-NTA column, equilibrated 

with phosphate buffer. A washing step was performed with buffer containing 15 mM 

imidazole, before the protein was eluted with phosphate buffer containing 250 mM imidazole. 

Awp14A was further purified via SEC, either with a HiLoad 26/600 Superdex 200pg column or 

a HiLoad 16/600 Superdex 200pg column. Fractions containing pure Awp14A were pooled and 

concentrated. Approximately 10 mg of pure protein were produced per L of culture. 
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Figure 22: Purification of Awp14A 

A) The chromatogram of the SEC, which was used as a polishing step for the purification of Awp14A. B) 12% 

SDSPAGE analysis of fractions from the Ni-NTA purification of Awp14A. M: marker, L: lysate, FT: flow-through, 

W1: wash 1 (10 mM imidazole), W2: wash 2 (15 mM imidazole), E: elution (250 mM imidazole). C) SDS-PAGE 

from the SEC purification of Awp14A. The red marking indicates the fractions in the SEC chromatogram, which 

have been used for the SDS-PAGE analysis. 

 

пΦ оΦ нΦ /ǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ƻŦ !ǿǇмп! 

The Awp14 A-domain crystallized at a protein concentration of 22.5 mg/mL in four different 

crystallization conditions, all part of the Morpheus II crystallization screen. The plates that 

grew in 0.1 M BES/TEA pH 7.5, 10% (w/v) PEG 8000, 20% 1,5-ǇŜƴǘŀƴŜŘƛƻƭΣ ά!Ƴƛno-ŀŎƛŘ LLέ 

(1:10)85 were harvested and sent to the ESRF for data collection. The crystals diffracted to a 

resolution of approximately 2.5 Å, data collection statistics are given in Table 9. Awp14A 

crystallized in space group C 2 2 21. Calculation of the Matthews coefficient indicates a unit 

cell content of two molecules with a solvent content of 52.63%. Unfortunately, an appropriate 

model for MR is not available and the reproduction of Awp14A crystals could not be achieved 

in this work. 
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Figure 23: Awp14A crystals 

Crystals of Awp14A that grew in different crystallization conditions, all part of the Morpheus II crystallization 

screen. Each crystallization condition in the Morpheus II screen is composed of precipitant mix, buffer mix and 

additive mix (1:10). The conditions leading to crystallization all contain the same mix of precipitants, namely 

10% (w/v) PEG 8K, 20% (v/v) 1,5-pentanediol. A) shows the crystals in condition A3, which additionally contains 

a MOPSO/Bis-Tris buffer system (0.1 M MOPSO and 0.1 M Bis-Tris, mixed in a ratio that produces a pH of 6.5), as 

ǿŜƭƭ ŀǎ ǘƘŜ ά[ƛbŀYέ ŀŘŘƛǘƛǾŜ ƳƛȄ όлΦо M lithium sulfate, 0.3 M sodium chloride and 0.3 M potassium sulfate). 

B) Crystals from the condition C3, containing the MOPSO/Bis-TǊƛǎ ōǳŦŦŜǊ ƳƛȄ ŀƴŘ ǘƘŜ ά!ƭƪŀƭƛǎέ ŀŘŘƛǘƛǾŜ ƳƛȄ 

(10 mM rubidium chloride, 10 mM strontium acetate, 10 mM cesium acetate, 10 mM barium acetate). 

C) Condition G3, containing the MOPSO/Bis-TǊƛǎ ōǳŦŦŜǊ ƳƛȄ ŀƴŘ ǘƘŜ ά!Ƴƛƴƻ-aŎƛŘǎ LLέ ŀŘŘƛǘive mix (0.2 M 

DL-arginine HCl, 0.2 M DL-threonine, 0.2 M DL-histidine HCl H2O, 0.2 M DL-5-hydroxylysine HCl, 0.2 M trans-4-

hydroxy-L-proline). D) Crystals grown in condition G7, composed with a BES/TEA buffer mix (0.1 M BES/TEA pH 

тΦрύ ŀƴŘ ǘƘŜ ά!Ƴƛƴƻ-acidǎ LLέ ŀŘŘƛǘƛǾŜ ƳƛȄ85. 

 

Table 9: Data collection statistics for Awp14A 

Dataset name 2017_05_17-CC172A_x6 

X-ray source ESRF, ID23-1 

Wavelength (Å) 0.972 

Space group C 2 2 21 

Unit cell parameters (Å) a = 78.23, b = 172.94, c = 140.99 

Resolution range (Å) 46.41 ς 2.5 (9.01 ς 2.5) 

Total no. of reflections 142870 (16343) 

No. of unique reflections 32560 (3687) 

Rmerge (%) 0.276 (1.685) 

I/ (̀I) 5.9 (1.1) 

Completeness (%) 97.8 (99.3) 

Multiplicity 4.4 (4.4) 

CC1/2 0.982 (0.337) 
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4. 4. Analysis of the CFEM domain of the GPCR CtPth11 

пΦ пΦ мΦ /ƭƻƴƛƴƎΣ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ /ǘtǘƘмм 

First work on the GPCR Pth11 has already been conducted by Dr. Vitali Kalugin. In this work, 

no overproduction of soluble protein could be achieved using the CFEM-domain of M. grisea 

Pth11. The C. thermophilum orthologue of Pth11 was therefore identified via a SSN41 and 

cloned into the vector pET28a(+). The transmembrane helices, as well as the signal peptide 

and a few residues predicted to be unstructured at the N-terminus of the protein, were 

removed for this purpose. The generated plasmid (pET28a_CtPth11) contains V24 ς S105 with 

an N-terminal His6-Tag to enable purification via IMAC. Theoretical properties of the domain 

were calculated via the ExPASy ProtParam tool and are as follows: 

 

Name UniProt-ID 
Native amino 

acid range 
Length pI MW 

Extinction coefficient 

(280 nm)* 

CtPth11 G0SBE2 24 ς 105 105 aa 6.62 11.0 kDa 1.99 mM-1 cm-1 

* assuming all cysteine residues form disulfide-linked cystines 

 

For overexpression of the CtPth11 CFEM-domain, the strain E. coli SHuffle was chosen, 

because the domain is proposed to contain four disulfide bonds36. The overproduction was 

done by growing the cells to an OD600 of approximately 0.6, induction by addition of 0.1 mM 

IPTG and further incubation at 18 °C for 48 h. 

8 L of liquid culture were used for quantitative preparation of CtPth11 CFEM protein. The cells 

were broken by sonication or with the microfluidizer and the lysate was cleared via 

centrifugation at 18000 rpm, 4 °C. After sterile-filtering, the lysate was applied on a 5 mL 

Ni-NTA column, which was then washed with Ni-NTA buffer containing 20 mM imidazole. The 

CtPth11 CFEM domain was eluted with 500 mM imidazole. The elution fraction was 

concentrated and applied on a HiLoad 26/600 Superdex 75pg column, which was equilibrated 

with SEC buffer (in this case phosphate buffer). The fractions from the peak containing the 

target protein were analyzed by SDS-PAGE and pooled. The sample was concentrated and 

glycerol was added to a final concentration of 10% (v/v). The purified protein sample was then 

divided into several 1.5 mL Eppendorf cups, shock-frozen in liquid nitrogen and stored at -

80 °C for further use. 
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Figure 24: Purification of CtPth11 

A) The chromatogram of the SEC purification of CtPth11. Only low absorption at 280 nm can be detected in this 

case, because CtPth11 does not contain any tryptophans. B) The 15% SDS-PAGE analysis after Ni-NTA purification 

of CtPth11. M: marker, L: lysate, FT: flow-through, W: wash (20 mM imidazole), E: elution (500 mM imidazole). 

C) SDS-PAGE analysis of the SEC purification of CtPth11. A red marking was used to indicate the fractions in the 

SEC chromatogram, which were analyzed via SDS-PAGE. 

 

пΦ пΦ нΦ /ǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ƻŦ /ǘtǘƘмм 

In initial crystallization experiments, crystal growth could be observed at a protein 

concentration of 5.4 mg/mL in 0.1 M citrate pH 5.6, 0.2 M K-Na tartrate, 2.0 M ammonium 

sulfate after several weeks of incubation at 18 °C (shown in Figure 25). These crystals 

diffracted to a resolution of approximately 2.4 Å. Around two months after setting up the 

crystallization screens, CtPth11 crystals were observed in following conditions as well: 

- 0.5 M ammonium sulfate, 0.1 M tri-Na citrate pH 5.6, 1.0 M lithium sulfate 

- 0.1 M citric acid pH 4.0, 1.6 M ammonium sulfate 

- 2.0 M ammonium sulfate. 

As these crystallization conditions contain medium to high concentrations of ammonium 

sulfate, the AmSO4 crystallization suite was used for further crystallization experiments. 

Crystal growth could be observed in several conditions of the screen, diffraction to a 

resolution of up to 1.8 Å was measured. CtPth11 crystallized in space group P 41 21 2 with the 

unit cell constants a = b = 68.68, c = мтсΦтуΣ ʰ Ґ ʲ Ґ ʴ Ґ фл ƻǊ a = b = 71.59, c = мпмΦфоΣ ʰ Ґ ʲ Ґ 

ʴ Ґ флΣ ŘŜǇŜƴŘƛƴƎ on the crystallization condition. 
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Figure 25: Crystals of the CtPth11 CFEM domain and corresponding unit cells 

A) Crystals observed in the initial crystallization experiments are shown. These grew after several weeks of 

incubation at 18 °C in 0.1 M citrate pH 5.6, 0.2 M K-Na tartrate, 2.0 M ammonium sulfate; space group and unit 

cell constants are given below. The calculation of the Matthews probability 

(http://www.ruppweb.org/mattprob/default.html) determined a content of 4 molecules per asymmetric unit. B) 

Crystals of CtPth11 used for collection of S-SAD datasets ς grown in 3.0 M ammonium sulfate, 1%(w/v) MPD ς 

have different unit cell constants. The Matthews probability was calculated to determine the number of 

molecules per asymmetric unit, but does not show a clear result. The asymmetric unit accordingly contains either 

3 or 4 molecules. 

 

пΦ пΦ оΦ {ǘǊǳŎǘǳǊŜ ǎƻƭǳǘƛƻƴ 

MR was attempted using the structure of Csa2 (PDB: 4Y7S) as a model. For this purpose, the 

full-length structure and several shortened variants of the structure were used. Additionally, 

a model of Pth11 was created using MODELLER118 with Csa2 as a template to generate a model 

structure for MR. Despite all attempts, the structure could not be determined using this 

approach. Subsequently, heavy metal soaking and SAD phasing were pursued, but crystal 

quality was found to be massively affected by the soaking procedure. 
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As an alternative method for structure solution, native SAD-phasing using the anomalous 

diffraction from sulfur atoms was chosen. The method seemed feasible for CtPth11 because 

the CFEM-domain contains eight cysteines. As they are predicted to form four disulfide bridges 

they might be treated as άsuper-sulfursέ during the site-detection step if required. 

Furthermore, the high-symmetry space group the CFEM domain crystallized in is favorable for 

SAD phasing, as high multiplicity can be easily achieved. The data-collection strategy 

commonly applied for native SAD-phasing at beamline X06DA at the Swiss Light Source has 

been described by Basu et al. in 2019: The maximum wavelength achievable at the beamline 

(5.5 keV/2.25 Å) is used for data collection93. As this wavelength is still remote from the sulfur 

absorption edge (K-edge) of 2.472 keV/5.0155 Å87, several 360° datasets are collected and 

merged. This approach generates high multiplicity, thus the low anomalous signal originating 

from the sulfur atoms is significantly enhanced. The data collection strategy is described to be 

suitable for crystals with anomalous signal extending to a wavelength of up to ~2.8 Å93. 

 

Table 10: Data collection and refinement statistics for the structure of the CtPth11 CFEM domain (outer shell 
values are given in the parenthesis) 

 CtPth11 

Dataset name 2018_06_28-CC220A_x3 

Data collection  

X-ray source ESRF, ID 

Wavelength (Å)  

Space group P 41 21 2 

Unit cell parameters (Å) a = b = 68.68, c = 176.78 

Resolution range (Å) 54.23  - 1.822 (1.887  - 1.822) 

Total no. of reflections 77555 (7568) 

No. of unique reflections 38778 (3784) 

Rmerge (%) 0.02256 (0.239) 

I/ (̀I) 10.73 (2.56) 

Completeness (%) 99.96 (99.92) 

Multiplicity 2.0 (2.0) 

CC1/2 0.999 (0.97) 

Refinement  

Rwork/Rfree (%) 19.1/23.76 

No. of atoms 2726 

Average B factor (Å2) 49.72 

R.m.s. deviations  

   Bond length (Å2) 0.012 

   Bond angles (°) 1.08 

Ramachandran plot (%)  

   Favoured 98.79 

   Allowed 1.21 

   Outliers 0.00 

Rotamer outliers (%) 4.47 
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Four datasets were merged on site using a custom script for xscale54, anomalous diffraction 

was observed to a resolution of around 3.5 Å. This does not meet the requirements for native 

SAD-phasing that were previously described93. Substructure determination was attempted on 

site using the SHELXD procedure119, but the substructure could not be detected. Evaluation of 

the same merged datasets was done using CRANK2120 and lead to structure solution. The 

native SAD structure was then used as a template to solve another dataset from a CtPth11 

crystal that diffracted to 1.8 Å resolution (see Table 10 for data collection and refinement 

statistics). 

 

пΦ пΦ пΦ ¢ƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ /ǘtǘƘмм /C9a ŘƻƳŀƛƴ 

The structure of the CtPth11 CFEM domain is shown in Figure 26. It consists of five -hhelices 

and is stabilized by four disulfide bonds, which are formed between following residues: C43 

and C83, C47 and C78, C57 and C64, C66 and C99. Chain B from the asymmetric unit was 

chosen here to examine the surface of the CFEM-domain of CtPth11. The surface examination 

reveals a large positively charged cleft on one side of the protein and a smaller negatively 

charged indentation on the other side. Analysis of surface electrostatics was done using the 

APBS Plugin for PyMOL. The positive charge is caused by three lysine residues (K80, K92, K104) 

ƻƴ ǘƘŜ ŎƭŜŦǘΩǎ ŜƴǘǊŀƴŎŜΦ 5ŜŜǇŜǊ ƛƴǎƛŘŜΣ ƛǘ ƛǎ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŎƻƳǇƻǎŜŘ ƻŦ ƘȅŘǊƻǇƘƻōƛŎ ŀƴŘ 

uncharged amino acids. In the crystal structure the cleft is occupied by two sulfates, which are 

part of the crystallization condition. The smaller indentation on the other side is negatively 

charged due to a glutamic acid (E49) on its entrance. On the inside, hydrophobic amino acids 

can be observed (I52, F48). F48 seems to divide the two cavities from each other. Interestingly, 

a different orientation of this residue can be observed in each molecule of the asymmetric 

unit or alternative side chain conformations are present. The CtPth11 CFEM domain thereby 

has either a hole or two cavernous surface invaginations. 
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Figure 26: Structure of the CtPth11 CFEM domain 

A) The asymmetric unit of crystals of the CtPth11 CFEM domain. It contains (in this case) four molecules of the 

CFEM domain and 13 sulfurs originating from the crystallization condition. B) The overall structure of a single 

molecule (chain B) is shown in two orientations. Two cavities can be identified when observing the protein 

surface, the APBS Tool in PyMOL was used to generate a surface electrostatic potential map. The larger positively 

charged cavity is mainly composed of hydrophobic and uncharged residues. F48 is shown in its two alternative 

side chain conformations, which indicates a certain flexibility of this residue. Three lysine residues at the entrance 

of the pocket provide a positive charge to the potential binding pocket. A smaller indentation can be found on 

the other side of the molecule. F48 also plays a role in this cavity, as well as the negatively charged E49. C) The 

sequence of the Pth11 CFEM-ŘƻƳŀƛƴΦ ¢ƘŜ ʰ-helices are indicated by boxes above the sequence; disulfide bonds 

are marked below the sequence. 
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пΦ пΦ рΦ CǊŀƎƳŜƴǘ ǎŎǊŜŜƴ 

Although several studies aimed for the identification of the ligand of M. oryzae Pth11, it still 

remains unknown40,44. To gain hints on a putative ligand of Pth11, a fragment screen was 

conducted against its CFEM domain. Given the important role of Pth11 in appressorium 

formation and plant infection, Pth11 represents a promising target for agrotechnological 

applications. 

Fragments were soaked into protein crystals in concentrations of either 100 mM or 50 mM, 

depending on the solubility of the fragment in the crystallization condition. The protein 

crystals were protected from ice crystal formation by addition of glycerol in the soaking 

conditions. Soaking times were extended as long as possible, up to 26 h. However, in many 

cases, the soaked crystals dissolved rather quickly and the soaking times had to be kept very 

short. Crystals were then frozen in liquid nitrogen and brought to the synchrotron for data 

collection. In many cases, a significant decrease of crystal quality could already be anticipated 

during the soaking procedure. Crystals cracked, slowly dissolved or showed other signs of 

disintegration. For those conditions, soaking times were kept very short (e. g. only 1 min). In 

total, 87 different fragments were used in the experiments. As multiple soaking durations 

were used for most fragments, in total 163 CtPth11 crystals were soaked and analyzed. 35 

crystals did not show sufficient diffraction for data collection. The automatic data analysis 

software at the SLS (DA+) was able to automatically process 80 datasets; 48 datasets had to 

be processed manually using XDS, which failed for 10 of those. All datasets obtained from the 

fragment screen are listed in Appendix II. 

A custom script was then used for data reduction (using AIMLESS) and running the DIMPLE 

software pipeline. 21 datasets could not be handled by the script, data reduction, structure 

solution (using Phaser) was done manually for those. Also, all structures were manually 

evaluated to detect any bound fragments that may have been overlooked by DIMPLE. 

Additional electron density was observed for four fragments (see Figure 27). 

 

 

Figure 27: Fragments that were bound by the CtPth11 CFEM domain 

The chemical structures of the fragments and their number in the Frag Xtal Screen (Jena Biosciences) are shown.  
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Table 11: Data collection and refinement statistics for fragment-bound CtPth11 (outer shell values written in 
parentheses) 

 CtPth11-Frag3 CtPth11-Frag34 CtPth11-Frag62 

Dataset name VR_139 VR_219 VR_171 

Data collection    

X-ray source SLS, X06SA (PXI) SLS, X06SA (PXI) SLS, X06SA (PXI) 

Wavelength (Å) 1.0 1.0 1.0 

Space group P 41 21 2 P 41 21 2 P 41 21 2 

Unit cell parameters (Å) 
a = b = 68.76, 

c = 175.59 

a = b = 68.87, 

c = 175.74 

a = b = 69.22, 

c = 176.26 

Resolution range (Å) 
46.86  - 2.0 

(2.07  - 2.0) 

48.7 ς 2.12 

(2.2 ς 2.12) 

48.95 ς 2.1 

(2.18 ς 2.1) 

Total no. of reflections 59061 (5754) 49658 (4796) 51722 (5017) 

No. of unique reflections 29536 (2881) 24831 (2398) 25879 (2516) 

Rmerge (%) 0.01416 (0.5417) 0.01988 (0.8066) 0.01316 (0.5151) 

I/ (̀I) 15.64 (1.22) 11.85 (0.92) 21.08 (1.36) 

Completeness (%) 99.71 (98.96) 99.39 (95.48) 99.71 (99.80) 

Multiplicity 2.0 (2.0) 2.0 (2.0) 2.0 (2.0) 

CC1/2 1 (0.713) 1 (0.498) 1 (0.739) 

Refinement    

Rwork/Rfree (%) 18.66/22.36 20.89/23.49 19.51/25.13 

No. of atoms 2589 2507 2553 

Average B factor (Å2) 52.64 82.61 74.65 

R.m.s. deviations    

   Bond length (Å2) 0.014 0.01 0.007 

   Bond angles (°) 1.33 1.24 0.82 

Ramachandran plot (%)    

   Favoured 98.47 99.07 98.17 

   Allowed 1.22 0.93 1.52 

   Outliers 0.33 0.0 0.3 

Rotamer outliers (%) 2.82 3.62 3.25 
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4.4.5.1. CtPth11 CFEM domain ς Fragment 3 

A crystal of the CtPth11 CFEM domain was soaked in mother liquor containing 50 mM 

fragment 3 (SMILES code: CNC(=S)NC1=C(C=C(C=C1)Br)Cl) for 23 h, then directly flash-frozen 

in liquid nitrogen and brought to the synchrotron for data collection. The crystal diffracted to 

a resolution of 2.0 Å. Data analysis using the DIMPLE pipeline did not identify any unmodelled 

blobs, but upon manual examination of the data additional electron density was found. 

Fragment 3 is bound to three of the four CFEM domains in the asymmetric unit (see Figure 

28). Placement and conformation of the bound fragment are the same in each of the three 

molecules with occupancies of 0.68 in chain A, 0.59 in chain B and 0.75 in chain D. The electron 

density for each ligand molecule in the structure is clearly defined. At the location of the 

Br-ion, negative difference electron density can be observed, caused by increased radiation 

damage at this specific location. 

 

 

Figure 28: Interaction between fragment 3 and the CtPth11 CFEM domain 

A) Surface representation of a single CtPth11 CFEM domain. The fragment is bound in the larger, negatively 

charged cleft of three from the four molecules in the asymmetric unit. The orientation of the bound fragment is 

the same in all three. B) 2mFobs-DFcalc maps (contoured at 2.0 ˋύ ƻŦ ǘƘŜ ƭƛƎŀƴŘǎΦ ¢ƘŜ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ƛǎ ƴƛŎŜƭȅ 

defined for all three bound fragments. C) Binding mode of fragment 3. The hydrophobic fragment is placed in 

the hydrophobic cleft. Only two weak electrostatic interactions are formed, involving C66 and N72. 
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Two weak electrostatic interactions are formed between the CFEM domain and the ligand: 

first, between the hydroxyl group of the side chain of N72 and the fragment with a distance 

of 3.1 Å; second, between the hydroxyl group O of the peptide bond of C66 and the ligand 

with 3.0 Å distance. Further specific interactions between the CtPth11-CFEM domain and 

fragment 3 cannot be observed. It is rather the case that the hydrophobic fragment is placed 

in the hydrophobic region of the larger cavity of the domain. 

 

4.4.5.2. CtPth11 CFEM domain ς Fragment 34 

CtPth11 CFEM-domain crystals were soaked in mother liquor containing 50 mM fragment 34 

(SMILES code: CCOc1nc(NC(N)=N)nc2c(C)cccc12) for 3 h and 24 h. The corresponding datasets 

have resolutions of 2.0 Å and 2.1 Å, respectively. The 24 h dataset was successfully processed 

by automatic data analysis software DA+ and unmodelled blobs were identified by DIMPLE. 

Contrarily, the 3 h dataset had to be evaluated manually. Fragment 34 is bound to all four 

molecules in the asymmetric unit in both cases. Due to better data quality, the 24 h dataset 

was chosen for refinement and interpretation of the structure. 

The placement of the ligand in the electron density is unambiguous. A part of the fragment is 

not visible in the electron density map. This is the same in all four molecules of the asymmetric 

unit and could be caused by a certain degree of flexibility of the fragment in this area. 

However, it is more likely that the fragment has broken apart because the O atom in the 

vicinity of the aromatic rings is not expected to be flexible and should therefore be visible in 

the electron density map. This could have happened during storage of the fragment, dissolving 

it in the crystallization condition or during soaking. 

The side chains of three residues interact with the guanidine group of fragment 34: N72, T76 

and T95. These form electrostatic interactions with following distances: 2.6 Å between the 

hydroxyl group O of N72 and the fragment, 3.2 Å between T76 and the fragment, and 2.9 Å 

between T95 and the ligand. Additionally, the hydrophobic aromatic rings of the fragment are 

placed in the hydrophobic cavity. 
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Figure 29: Interaction between the CtPth11 CFEM domain and fragment 34 

A) Cartoon and surface representation of a single CtPth11 CFEM domain. Fragment 34 is located in the negatively 

charged cleft, with the same orientation in all four molecules in the asymmetric unit. B) 2mFobs-DFcalc maps 

(contoured at 2.0 ˋύ of the bound fragments reveal that the electron density is clearly interpretable. The same 

part of the ligand is not visible, indicating that the ligand has disintegrated. The electron density of the fragment 

bound to chain A merges into the density of a sulfate, which is located in its vicinity. C) Interactions between the 

CFEM domain and fragment 34 are shown. There are three residues involved: N72, T76 and T95. 

 

4.4.5.3. CtPth11 CFEM domain ς Fragment 62 

100 mM fragment 62 (SMILES code: COC(=O)C(CC1=CC=CC=C1)N.Cl) were soaked into a 

CtPth11 CFEM domain crystal for 6 min, which diffracted to 2.1 Å. The acquired dataset was 

successfully processed by the automatic data analysis software DA+ and by the DIMPLE 

pipeline. However, no unmodelled blobs were identified by DIMPLE. Only upon manual 

examination of the data, additional electron density was found in the cavities of all four CFEM 

domains in the asymmetric unit. 

All four unmodelled regions in the electron density map are clearly interpretable and each one 

reveals a good fit of fragment 62. The occupancies are 0.95, 1.0, 0.76, and 0.84, for chain A, B, 

C, and D, respectively. Interestingly, the fragment is positioned slightly different in each 

CtPth11 CFEM domain in the asymmetric unit. The aromatic ring is analogously placed in all 

four cavities; the other portion of the fragment is positioned differently in each one. Specific 
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interactions between protein and fragment cannot be observed. Rather, the hydrophobic 

fragment is bound within the hydrophobic cavity. 

 

 

Figure 30: Interaction between the CtPth11 CFEM domain and fragment 62 

A) A CFEM domain is shown in cartoon and surface representation, with fragment 62 depicted in all orientations. 

Slight differences can be observed between the fragments bound to each molecule in the asymmetric unit. The 

aromatic ring is in the same position in chains B, C, and D, but slightly displaced in chain A. B) The electron 

densities of each bound ligand. All electron densities are defined very well. Interactions with specific residues in 

the CFEM domain cannot be observed. 

 

4.4.5.4. CtPth11 CFEM domain ς Fragment 94 

Soaking experiments with crystals of the CtPth11 CFEM domain and 100 mM fragment 94 

(SMILES code: NS(=O)(=O)c1ccc(Cl)s1) were conducted for approximately 2 min. Crystals were 

quickly disintegrating during the soaking process. Nevertheless, a dataset with a resolution of 

2.0 Å could be collected. The dataset was successfully handled by DA+, as well as by the 

DIMPLE pipeline, but unmodelled blobs were only identified upon manual examination of the 

dataset. 
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Additional electron density has been detected in all four molecules, to different extent. The 

most striking unmodelled region is located in chain C of the asymmetric unit and shown in 

Figure 31. However, the fragment does not fit into the densities. Data collection statistics for 

the corresponding dataset are shown in Table 12. 

 

 

Figure 31: Additional electron density observed in VR_225 

After soaking CtPth11 crystals with 100 mM fragment 94, unmodelled blobs could be observed. The additional 

electron density located in chain C of the asymmetric unit is shown here. The soaked fragment is depicted in 

the lower left corner of the image. 

 

Table 12: Data collection statistics for the CtPth11 CFEM domain, soaked with fragment 94 

Dataset name VR_225 

X-ray source SLS, X06SA (PXI) 

Wavelength (Å) 1.0 

Space group P 41 21 2 

Unit cell parameters (Å) a = b =, c =  

Resolution range (Å) 48.67 ς 2.0 (2.06 ς 2.0) 

Total no. of reflections 420935 (29716) 

No. of unique reflections 29439 (2103) 

Rmerge (%) 0.112 (1.599) 

I/ (̀I) 13.6 (2.0) 

Completeness (%) 99.8 (98.3) 

Multiplicity 14.3 (14.1) 

CC1/2 0.998 (0.722) 
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5. Discussion 

5. 1. The cell wall of the thermophilic fungus C. thermophilum 

Proteins from thermophilic organisms are generally considered more stable than their 

mesophilic counterparts14. This feature is not only favorable for the expression and 

biochemical characterization of a protein, but also for the crystallization process121. In recent 

years, the thermophilic fungus C. thermophilum has proven to be an excellent model organism 

for analysis of eukaryotic proteins10,19,20 and it may also serve as a well suited model organism 

for the study of fungal cell wall proteins. However, information on the cell wall proteome of 

C. thermophilum is still lacking. This thesis aimed to fill this gap by bioinformatic prediction of 

GPI-anchored proteins and mass spectrometric analysis of GPI-CWPs. Additionally, the cell 

wall structure was analyzed via TEM. 

 

рΦ мΦ мΦ tǊŜŘƛŎǘƛƻƴ ƻŦ ǘƘŜ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƻƳŜ 

In total, 79 GPI-anchored proteins were predicted in C. thermophilum (see chapter 4. 1. 1, 

Table 4) using combination of signal peptide detection (using SignalP62), rejection of proteins 

with transmembrane helices (TMHMM63), and identification of GPI anchor signal sequences 

via the Big-PI Fungal Predictor12 and a pattern search (as described by de Groot et al.11). The 

annotated C. thermophilum proteome, which was used as an input for the prediction, is 

derived from its genome and contains 7165 protein sequences. The number of predicted 

GPI-anchored proteins in C. thermophilum therefore represents 1.1% of its proteome. This 

fraction varies significantly in different fungi. For example, only 28 proteins in 

Schizosaccharomyces pombe (0.56 % of the proteome) contain both, an N-terminal signal 

peptide and a GPI anchor attachment sequence. In S. cerevisiae 59 GPI-anchored proteins 

(0.93 % of the proteome) were predicted; and 169 proteins (1.19 %) in C. albicans. Within the 

proteome of the filamentous fungus Aspergillus nidulans, 74 (0.78 %) proteins were predicted 

to be GPI-anchored12. With 79 predicted GPI-anchored proteins in C. thermophilum, the 

absolute number is very similar to A. nidulans, but in relative terms they represent a higher 

percentage of the genome. 

The prediction of GPI-anchored proteins has proven to be very robust12, but several limitations 

have to be considered. First, the Big-PI Fungal Predictor and the pattern search do not include 

ǘƘŜ ˖- region of the GPI anchor signal sequence, which has been shown to be associated with 

the final location of GPI-anchored proteins11,13. The amino acids located right upstream the 

DtL ŀƴŎƘƻǊ ŀǘǘŀŎƘƳŜƴǘ ǎƛǘŜ ό˖ ǎƛǘŜύ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ŘŜǘŜǊƳƛƴŀƴǘǎ ŦƻǊ ǘƘŜ Ŧƛƴŀƭ ƭƻŎŀƭƛȊŀǘƛon of a 

GPI protein, i. e. the plasma membrane or the cell wall9,13,122,123. In yeast, the sequences of 

GPI-plasma membrane proteins (GPI-PMPs) are proposed to contain a dibasic motif just 

before the ̟  site (̟ -4 to -̟1)13. However, the dibasic motif can be overridden by certain 

sequence features, e. g. long Ser/Thr-rich regions124. The sorting signal was shown to be 
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slightly different in A. fumigatus, where only one basic residue at the ̟ -1 or -̟2 site was 

identified in many GPI-PMPs123. The exact sequence requirements for discrimination between 

GPI-PMPs and GPI-CWPs are therefore elusive. Also, the localization of proteins to either the 

cell wall or the plasma membrane is not considered absolute124. Nevertheless, discrimination 

between GPI-PMPs and GPI-/²tǎ ōŀǎŜŘ ƻƴ ǘƘŜ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ ˖- region should provide a 

first insight on the distribution of the predicted GPI proteins. The Big-PI Fungal Predictor was 

ǳǎŜŘ ŦƻǊ ǘƘŜ ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ˖ ǎƛǘŜ ōŜŦƻǊŜ Ƴŀƴǳŀƭ ŜȄŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ˖- regions in the 

protein sequences was done. If no potential GPI modification site was found by Big-PI, the 

ǊŜǎƛŘǳŜ ƛƴŘƛŎŀǘŜŘ ǘƻ ōŜ Ƴƻǎǘ ƭƛƪŜƭȅ ǘƘŜ ˖ ǎƛǘŜ ǿŀǎ ǳǎŜŘΦ Proteins were assigned as GPI-PMPs, 

if a dibasic motif in the region from -̟п ǘƻ ˖-1 was identified, or if a single basic residue at 

Ǉƻǎƛǘƛƻƴǎ ˖-н ƻǊ ˖-1 was found. Unexpectedly, only few GPI-PMPs could be determined using 

this method; these are listed in Table 13. 

 

Table 13: Predicted GPI-PMPs in C. thermophilum 

UniProt-ID Description (UniProt) Family/Domains Recognition as GPI-PMP 

G0SEQ3 hypothetical protein CTHT_0064570 FAD-binding Dibasic motif (̟ -4 and ̟ -3)* 

G0S249 
1,3-beta-glucanosyltransferase-like 

protein 
GH72/Gel2 

Single basic residue (̟-2, 

alternative GPI-modification 

site) 

G0SDH5 
phosphoric diester hydrolase-like 

protein 

PLC-like phosphoric 

diesterase 
{ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-2)* 

G0SDV4 hypothetical protein CTHT_0053120 Wsc-domain {ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-1) 

G0S5C3 hypothetical protein CTHT_0024300  {ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-1) 

G0SCA5 hypothetical protein CTHT_0056530  {ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-1) 

G0SHI8 hypothetical protein CTHT_0070170  {ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-1) 

G0SFJ0 hypothetical protein CTHT_0071010  Dibasic motif (̟ -2 and ̟ -1)* 

* No GPI-modification site predicted by Big-PI, residue with the best score used 

 

A dibasic motif is only contained in two C. thermophilum GPI proteins (G0SEQ3 and G0SFJ0). 

Identification of GPI-PMPs using only a single basic amino acid as an indicator for the final 

localization resulted in a list of 6 more proteins, including Gel2 (G0S249). However, certain 

proteins considered as typical GPI-PMPs, such as Gel1 or Ecm33, were not detected as 

such122,123. This may have two reasons: firstly, some of the GPI proteins that are located at the 

plasma membrane in other fungi are transferred to the cell wall in C. thermophilum. Secondly, 

the conditions for retention of GPI-proteins in the plasma membrane might be different in the 

thermophilic fungus. The transfer of GPI proteins from the plasma membrane into the cell wall 

is catalyzed by the transglycosidase Dfg5. It was shown that the removal of an ethanolamine-

phosphate (EtN-P) group at the first mannose of the GPI-core glycan is required for successful 

cell wall transfer10. This group is proposed to be removed by Cdc1125, a process which might 

ōŜ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘǎ ƛƴ ǘƘŜ ˖- region of a protein. An analysis of Cdc1 may 

therefore provide the missing link in determining whether a GPI protein ends up in the plasma 

membrane or in the cell wall. 
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Another limitation of the prediction of GPI-anchored proteins is associated with the input 

itself. When hwCǎ ŀǊŜ ǳǎŜŘ ǘƻ ǇǊŜŘƛŎǘ ŀƴ ƻǊƎŀƴƛǎƳΩǎ ǇǊƻǘŜƻƳŜΣ ǘƘŜ ŀƴŀƭȅǎƛǎ ŘƻŜǎ ƴƻǘ ŎƻƴŦŜǊ ŀ 

realistic picture of the proteome and the relevance of a part of the hits may be debatable. To 

elucidate the importance of the hits, they were compared to the proteomic study conducted 

by Bock et al.18. The predicted GPI proteome contains 28 proteins, for which there is proteomic 

evidence, indicating biological relevance of these proteins. These are expressed in the 

organism upon growth in the standard media conditions described by the German Collection 

of Microorganisms and Cell Cultures (DSMZ)18 and listed in Table 14. 

 

Table 14: Predicted proteins with proteomic evidence in Bock et al.18 

UniProt-ID Description (UniProt) Family/Domains 

G0S879 hypothetical protein CTHT_0037870 Agglutinin-like 

G0S3D9 alpha-amylase-like protein Alpha-amylase-like 

G0SAA8 hypothetical protein CTHT_0041610 
Alpha-carbonic anhydrase, zinc-ion 

binding 

G0S3S8  hypothetical protein CTHT_0030500 CFEM 

G0SEF6 putative cell wall protein Ecm33 

G0SG17 hypothetical protein CTHT_0064700 GH catalytic core, ASL-like 

G0SFX7 putative cell wall protein GH16 

G0S5R2 hydrolase-like protein GH16, ConA-like domain 

G0SCM1 putative cell wall protein GH16, LamG superfamily 

G0SA20 cell wall glucanase-like protein GH16, LamG-superfamily 

G0SFR4 hypothetical protein CTHT_0071830 GH17 

G0S1A4 hypothetical protein CTHT_0012900 GH18, Chitinase, LysM-domain 

G0S6S8 1,3-beta-glucanosyltransferase-like protein GH72/Gel1 

G0S249 1,3-beta-glucanosyltransferase-like protein GH72/Gel2 

G0SFW3 
putative UPF0619 GPI-anchored membrane 

protein 
Kre9/Knh1 

G0SHT5 hypothetical protein CTHT_0073300 Kre9/Knh1 

G0SF37 phospholipase-like protein Lysophospholipase 

G0S1H4 aspartic-type endopeptidase-like protein 
Peptidase A1 family/aspartic-type 

endopeptidase 

G0S3I8 hypothetical protein CTHT_0021410 Peptidase A1/pepsin-like 

G0SAZ2 hypothetical protein CTHT_0048310 Tetratricopeptide repeat 

G0S8N5 hypothetical protein CTHT_0038740  

G0S8Q3 hypothetical protein CTHT_0039950  

G0S9L3 hypothetical protein CTHT_0046300  

G0SDX5 hypothetical protein CTHT_0053340  

G0SDZ7 hypothetical protein CTHT_0053570  

G0SCA5 hypothetical protein CTHT_0056530  

G0SI03 hypothetical protein CTHT_0074010  

G0SCW3 hypothetical protein CTHT_0058590  
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рΦ мΦ нΦ aŀǎǎπǎǇŜŎǘǊƻƳŜǘǊƛŎ ŀƴŀƭȅǎƛǎ ƻŦ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ DtLπŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ 

The limitations of the cell wall proteome prediction were addressed by mass spectrometric 

determination of the GPI-CWPs in C. thermophilum. The fungus was grown in liquid culture 

until spherical aggregates of mycelium had formed. The cell walls were then isolated as 

described by de Groot et al., with only cell wall carbohydrates and GPI-CWPs supposed to be 

remaining in the sample. Cytosolic contaminants were removed by extensive washing with 

1 a bŀ/ƭΣ ŀƴŘ ŀ ōƻƛƭƛƴƎ ǎǘŜǇ ǿƛǘƘ ʲ-mercaptoethanol and SDS was conducted to remove PIR 

and disulfide linked proteins66. Regardless of the isolation steps, contamination by non-cell 

wall proteins cannot be completely prevented. Obvious contaminations were removed before 

the analysis. 

34 GPI-CWPs were identified in C. thermophilum cell walls, with only few variations between 

the analyzed samples (see chapter 4. 1. 2, Table 6). Surprisingly, only 17 proteins were already 

included in the list of predicted GPI-anchored proteins. Among those, two are in the list of 

GPI-PMPs, namely G0S249 (Gel2) and G0SCA5 (uncharacterized). Accordingly, 17 proteins 

were found in the cell wall samples, but not predicted. These unpredicted proteins were all 

not recognized as GPI-anchored proteins by the Big-PI Fungal Predictor and via the pattern 

search. The identified proteins were sorted according to their putative function and are 

summarized in Table 15. 

 

Table 15: Functional annotation of the C. thermophilum cell wall proteome 

Category and 
UniProt-ID 

Description (UniProt) Family Properties, proposed function 

Carbohydrate-active enzymes   

G0SB94 Exo-1,4-beta-D-glucosaminidase GH2 SP, 897 aa 
Involved in chitin degradation 

G0RZA2 Glucoamylase GH15 SP, 667 aa 
Hydrolyzes h-1,4-glycosidic bonds of 
starch 

G0SDK5 Endo-1,3(4)-beta-glucanase-like protein GH16 SP, 1104 aa 
Contains GH16-domain and Zn2+ 
dependent metallopeptidase (Peptidase 
M48) domain 

G0SFX7 Putative cell wall protein GH16 SP, GPI, 445 aa 
Involved in carbohydrate metabolism, 
acting on O-glycosyl components; Crh 

G0SA20 Glycosidase GH16 SP, GPI, 383 aa 
Involved in chitin metabolism, similar to 
Crh1 

G0SCM1 Glycosidase GH16 SP, GPI, 423 aa 
Involved in chitin metabolism, similar to 
Crh1 

G0SFR4 Uncharacterized protein CTHT_0071830 GH17 SP, GPI, 394 aa 
Involved in carbohydrate metabolism, 
ǇǊƻōŀōƭŜ ʲ-1,3-endoglucanase 

G0SEU4 Hydrolase-like protein GH17 SP, 552 aa 
Involved in carbohydrate metabolism 
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G0S1A4 Chitinase GH18 SP, GPI, 908 aa 
Chitinase 

G0RZV2 SH3b domain-containing protein GH24 SP, 263 aa 
Lysozyme activity, Endolysin T4 type 

G0SD45 Probable alpha/beta-glucosidase agdC GH31 SP, 926 aa 
Involved in carbohydrate metabolism, 

-h ŀƴŘ ʲ-glucosidase activity 
G0SH48 1,3-beta-glucanosyltransferase GH72 SP, 514 aa 

Transglycosidase, also contains X8 
domain 

G0S6S8 1,3-beta-glucanosyltransferase GH72 SP, GPI, 453 aa 
Gel1 

G0S249 1,3-beta-glucanosyltransferase GH72 SP, GPI, 482 aa 
Gel2 

G0SFW3 Putative UPF0619 GPI-anchored 
membrane protein 

 SP, GPI, 218 aa 
Kre9/Knh1 

G0S3D9 Alpha-amylase  SP, GPI, 533 aa 
Alpha-amylase 

Other enzymatic activity   

G0S8P3 Serine-type endopeptidase-like protein  SP, 919 aa 
Subtilisin 

G0S5M7 Catalase  SP, 723 aa 
Clade 2 catalase 

G0S1H4 Aspartic-type endopeptidase-like protein  SP, GPI, 470 aa 
Pepsin 

G0SBL0 Glyoxal oxidase-like protein Wsc SP, 1111 aa 
Contains 5 Wsc-domains and annotated 
glyoxal oxidase function 

G0RZV3 Uncharacterized protein CTHT_0004320  SP, 237 aa 
Papain-like 

G0SF37 Lysophospholipase  SP, GPI, 676 aa 
Lysophospholipase 

G0SG36 SH3b domain-containing protein  SP, 253 aa 
Papain-like 

Potential adhesins   

G0S002 CFEM domain-containing protein CFEM SP, GPI, 601 aa 
Mad1 

G0S5W8 LysM domain-containing protein  327 aa 
Probably contains sequencing errors, 
Cyanovirin-N domain 

Unknown proteins   

G0SDZ7 Uncharacterized protein CTHT_0053570  SP, GPI, 195 aa 

G0S763 Uncharacterized protein CTHT_0027570  SP, 155 aa 
Bys1 

G0S9L3 Uncharacterized protein CTHT_0046300  SP, GPI, 162 aa 

G0S2U2 C3H1-type domain-containing protein  SP, 162 aa 

G0SA61 Uncharacterized protein CTHT_0041120  SP, 507 aa 

G0SCA5 Uncharacterized protein CTHT_0056530  SP, GPI, 200 aa 

G0S3S8 CFEM domain-containing protein CFEM SP, GPI, 170 aa 
Contains CFEM domain, unknown 
function 

G0SFS7 Uncharacterized protein CTHT_0071970  SP, 373 aa 
similar to Neurospora crassa Acw12 

G0SEF6 Putative cell wall protein CTHT_0063570 Ecm33 SP, GPI, 400 aa 
Ecm33 

SP: signal peptide detected by SignalP; GPI: GPI anchor attachment signal predicted  



  5. Discussion 

99 
 

With exception of G0S002 (Mad1) and G0S2U2, all proteins identified in this study were also 

found in the proteomic analysis conducted by Bock et al.18. This is hardly surprising, because 

similar growth conditions were used. 

More surprisingly, half of the detected proteins are not included in the list of predicted 

GPI-anchored proteins (see chapter 4. 1. 1, Table 4 and Table 5). There are two possible 

explanations for this outcome: First, the cell wall samples could be contaminated with material 

from other cellular components. Secondly, the GPI anchor signal sequence in C. thermophilum 

may not be recognized by the applied methods. 

Obviously, the isolated cell walls are not completely free of contaminations with cytosolic 

proteins or plasma membrane proteins and the samples contain several proteins that are 

described to be GPI-PMPs, such as members of the GH72 family126, as well as Gel1, Gel2, and 

Ecm33123. However, only very few transmembrane proteins were identified and the detection 

of GPI-PMPs in cell wall samples does not seem to be uncommon. An example for this is 

Ecm33: plasma membrane localization was described to be important for its function127, but 

Ecm33 is still commonly identified in isolated cell walls24,28,66,128. The purity of the samples 

analyzed in this work is therefore considered appropriate. 

The large amount of unpredicted proteins may be caused by the Big-PI Fungal Predictor not 

being perfectly suited for the prediction of GPI proteins in thermophilic fungi. The learning set 

of the algorithm consists of 254 entries, originating from following organisms: S. cerevisiae, 

C. albicans, Neurospora crassa, and Schizosaccharomyces pombe. The algorithm was then 

tested on sequences from A. nidulans, C. albicans, N. crassa, S. cerevisiae, and S. pombe, as 

well as several mutants of Gas1 and found to be reliable for these. But while filamentous fungi 

have been implemented in both the learning set and algorithm testing, this does not apply to 

thermophilic fungi. Even the pattern search failed to detect the 17 unpredicted proteins found 

in the isolated cell walls. This method is considered a much simpler tool for identifying GPI 

anchor signal sequences, which normally reveals a larger amount of potentially GPI-anchored 

proteins, but is also more unspecific. Nevertheless, the method proved to be compatible with 

the results of the Big-PI Fungal Predictor12. 

To obtain a clearer picture of the identified proteins, the 17 unpredicted cell wall proteins 

ǿŜǊŜ ŀƴŀƭȅȊŜŘ Ǿƛŀ {ƛƎƴŀƭt ŀƴŘ ǘƘŜ ˖- region was examined for plasma membrane retention 

signals. A ŘƛōŀǎƛŎ ƳƻǘƛŦ ōŜǘǿŜŜƴ ˖-п ŀƴŘ ˖-1 or single basic residues at positions ̟-н ƻǊ ˖-1 

were regarded as such. The results are listed in Table 16. 
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Table 16: Unpredicted GPI proteins in the isolated C. thermophilum cell walls 

Category and 
UniProt-ID 

Description (UniProt) Recognition as GPI-PMP 

Carbohydrate-active enzymes  

G0SB94 Exo-1,4-beta-D-glucosaminidase SƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-1) 

G0RZA2 Glucoamylase CWP 

G0SDK5 Endo-1,3(4)-beta-glucanase-like protein Dibasic motif (̟ -4 and ̟ -3) 

G0SEU4 Hydrolase-like protein {ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-2) 

G0RZV2 SH3b domain-containing protein Dibasic motif (̟ -4 and ̟ -3) 

G0SD45 Probable alpha/beta-glucosidase agdC Three basic residues (̟-4 to ̟ -2) 

G0SH48 1,3-beta-glucanosyltransferase CWP 

Other enzymatic activity  

G0S8P3 Serine-type endopeptidase-like protein Dibasic motif (̟ -2 and ̟ -1), ̟  site is 
R! (GPI signal sequence maybe false) 

G0S5M7 Catalase {ƛƴƎƭŜ ōŀǎƛŎ ǊŜǎƛŘǳŜ ό˖-2) 

G0SBL0 Glyoxal oxidase-like protein CWP 

G0RZV3 Uncharacterized protein CTHT_0004320 Single basic residue (̟-1) 

G0SG36 SH3b domain-containing protein Single basic residue (̟-1) 

Potential adhesins  

G0S5W8 LysM domain-containing protein CWP* 

Unknown proteins  

G0S763 Uncharacterized protein CTHT_0027570 CWP 

G0S2U2 C3H1-type domain-containing protein CWP 

G0SA61 Uncharacterized protein CTHT_0041120 CWP 

G0SFS7 Uncharacterized protein CTHT_0071970 Dibasic motif (̟ -2 and ̟ -1) 

* no signal peptide detected by SignalP 

 

Approximately one third of the proteins identified in C. thermophilum cell walls (11 out of 34) 

contain a plasma membrane retention signal. Nine of these were not recognized in the 

prediction of GPI-anchored proteins. Accordingly, 23 proteins that were detected in the 

isolated cell walls could be assigned as GPI-CWP based on their sequence properties in the 

-̟ region. Seven of these were not predicted and in one (G0S5W8), no signal peptide could 

be detected. That being said, the final localization of a particular GPI protein is not only 

ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ˖- region of the protein sequence. The plasma membrane retention signal 

was shown to be overridden by certain sequences, such as Ser/Thr-rich regions124, similar to 

the ones often observed in adhesins22,124. Also the presence of additional unknown sequence 

properties influencing GPI protein localization cannot be excluded. In addition, the final 

localization of a particular GPI-anchored protein is not considered as being exclusive, i. e. it is 

regarded as a predominant localization9,124. 

Several issues concerning GPI-anchoring are highlighted in the analysis of the C. thermophilum 

cell wall proteome: Firstly, many proteomically identified cell wall proteins were not 

recognized as such by the identification of the GPI anchor signal sequence via the Big-PI Fungal 

Predictor and the pattern search. This indicates that the GPI anchor signal sequence may be 
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slightly different in C. thermophilum and possibly also in other thermophilic fungi. Secondly, 

the conditions for GPI sorting in fungi need further investigation, as it clearly is not solely 

ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ˖- region. The presence of Ser/Thr-rich regions has already been described 

ǘƻ ƻǾŜǊǊƛŘŜ ǘƘŜ ǎƻǊǘƛƴƎ ǎƛƎƴŀƭ ƛƴ ǘƘŜ ˖- region124, but additional properties may also be 

involved. In this context, it should also be considered GPI-anchored proteins are not strictly 

localized at either the plasma membrane or the cell wall, but rather predominantly124,129. 

Concerning GPI-sorting, Cdc1 is an attractive target for further research, as it is involved in 

GPI-anchor processing and thereby promotes the transfer of GPI-anchored proteins to the cell 

wall10,125. But also the interaction between the GPI-anchor and the plasma membrane itself 

has to be considered. Contrary to the widely held notion that GPI-anchors simply protrude 

ŦǊƻƳ ǘƘŜ ǇƭŀǎƳŀ ƳŜƳōǊŀƴŜ όŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άƭƻƭƭƛǇƻǇέ ƳƻŘŜƭύΣ ǘƘŜ ƎƭȅŎŀƴ ǇŀǊǘ ƻŦ ǘƘŜ 

GPI-anchor has been shown to interact with the membrane, so that the anchor is lying on the 

ƳŜƳōǊŀƴŜ όάŦƭƻǇ Řƻǿƴέ ƳƻŘŜƭύΦ ¢Ƙƛǎ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ōŜ ŎŀǳǎŜŘ ōȅ ŀƴ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ŀƳƛƴŜ 

groups (from EtN-Ps on the GPI-anchor) and the negatively charged phosphate groups of the 

membrane130; but also the presence of positively charged residues in the vicinity of the 

GPI-anchor, such as those commonly found in the -̟ regions of GPI-PMPs, may contribute. 

This interaction between GPI-anchor and plasma membrane might be weakened by higher 

temperature, explaining the increased occurrence of proteins regarded as GPI-PMPs in the cell 

wall isolates of C. thermophilum. 

 

рΦ мΦ оΦ ¢ƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ /Φ ǘƘŜǊƳƻǇƘƛƭǳƳ ŎŜƭƭ ǿŀƭƭ 

The ultrastructure of the cell walls of different fungi varies dramatically depending on their 

cell wall composition. In this regard, TEM presents a well-suited method to gain first insights 

into the cell wall properties of a fungus1. TEM is also commonly used to investigate the 

morphological effects of certain treatments or mutations on the cell wall (see for example 

Pardo et al.131 and Popolo et al.132). 

A few examples of different cell walls are described by Gow et al.1 and are shown in Figure 32, 

including an image of the C. thermophilum cell wall that was obtained in this work. TEM 

reveals long fibrils of mannoproteins in the outer wall of C. albicans; in contrast the 

A. fumigatus cell wall does not contain any fibrils1. However, the C. albicans fibrils were shown 

to differ significantly in length, depending on strains and methodologies133. Cryptococcus 

neoformans is an example for a fungus, which is surrounded by a capsule, which can be imaged 

nicely using TEM1,6. In the C. thermophilum cell wall, the two layers of the cell wall ς i. e. the 

inner and the outer wall ς can clearly be distinguished. Also, short mannoprotein fibrils can be 

identified. A cell wall width of ca 75 nm was measured in C. thermophilum; this is in accordance 

with the cell wall thickness of A. fumigatus134. 

The cell wall width and morphology depends on several factors, such as the strain, growth 

conditions and sample preparation. Nevertheless, this work provides a first insight on the 
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C. thermophilum cell wall. It shows that the fungus does contain mannoprotein fibrils in the 

outer layer of the cell wall, which is in contrast to the fibril-free cell wall of A. fumigatus. 

Noticeably, C. thermophilum is not surrounded by a capsule. 

 

 

Figure 32: Ultrastructure of different fungal cell walls, adapted from Gow et al.1 

TEM images of the cell walls of C. albicans, A. fumigatus, C. neoformans, and C. thermophilum. In all cases, inner 

and outer cell wall can be distinguished, but the ultrastructure of the walls differs significantly. The outer wall of 

C. albicans contains long mannoprotein fibrils, whereas A. fumigatus seems to lack these. C. neoformans in 

enveloped by a capsule, comprised of glucoronoxylomannan and galactoxylomannan. Mannoprotein fibrils can 

also be observed in the outer cell wall of C. thermophilum, but these appear very short compared to the ones in 

the C. albicans cell wall. 

 

рΦ мΦ пΦ ¢ŀǊƎŜǘǎ ŦƻǊ ǎǘǊǳŎǘǳǊŀƭ ŀƴŘ ōƛƻŎƘŜƳƛŎŀƭ ǎǘǳŘƛŜǎ ƻƴ ŎŜƭƭ ǿŀƭƭ ǇǊƻǘŜƛƴǎ 

Since the fungal cell wall differs significantly from the cell walls of plants or bacteria and the 

cell membranes of mammalian cells, it has long been described as a promising target for 

antifungal drugs4. Especially cell wall biosynthesis has been shown to be an adequate target 

in this respect, as demonstrated by the effectiveness of the echinocandin class of antifungal 

ŘǊǳƎǎΣ ǿƘƛŎƘ ŀŎǘ ƻƴ ǘƘŜ ʲ-1,3-glucan synthase Fks1135,136. However, the presence of 

resistances against echinocandins has already been described137. The demand for novel 

antifungal drugs is therefore a matter of concern. Fungal cell wall proteins are also used for 

the development of vaccines against fungal infections. For example, the recombinant 

A-domains of the C. glabrata adhesins Als1 and Als3 were shown to be effective in animal 

models138,139. But the development of antifungal drugs should not be the only focus of the 

analysis of cell wall proteins. Also the process of cell wall biosynthesis and the function of 

some essential cell wall proteins are not fully elucidated yet1. 

Proteins with a high Sequest HT score in all C. thermophilum cell wall samples are the glycoside 

hydrolases G0SDK5 (GH16), G0SEU4 (GH17), and G0RZV2 (GH24). Interestingly, homologs or 

orthologues of these could not be identified, thus their roles remain undetermined. In 

addition, many proteins known to be required for biosynthesis, remodeling, and integrity of 

the fungal cell wall were detected in the samples, including two homologs of Crh1 (G0SA20 

and G0SCM1), orthologues of Gel1 (G0S6S8) and Gel2 (G0S249), as well as Kre9/Knh1 

(G0SFW3) and Ecm33 (G0SEF6). These are obviously promising targets for further research. 
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The Crh family of transglycosidases is responsible for chitin-chitin and chitin-glucan 

crosslinking. The number of its members varies in different fungi, with three members in 

S. cerevisiae and C. albicans and five members in A. fumigatus and N. crassa140, and seven 

members in Aspergillus niger141. Three putative Crh family members were identified in the 

C. thermophilum cell wall isolates analyzed in this work, namely G0SFX7, G0SA20, and 

G0SCM1. Another member of this protein family may be G0S0M3, which was not found in the 

cell wall samples. Crystal structures of A. fumigatus Crh5 are already available (PDB: 6IBU, 

6IBW). The Crh family members function redundantly and are not essential for cell wall 

integrity140, thus they are not regarded promising targets for the development of antifungal 

drugs. 

Gel1 and Gel2 are ̡ -1,3-glucanosyltransferases that are orthologous to members of the yeast 

Gas1 family142. The protein family plays a major role in cell wall biogenesis during vegetative 

growth; it has five members in S. cerevisiae2. The Gel protein family in A. fumigatus consists 

of seven members142. Two obvious members of the Gel family could be identified in 

C. thermophilum cell walls, the Gel1 orthologue G0S6S8 and G0S249, which is similar to Gel2. 

But also G0SH48, which was detected in the cell wall samples, is similar to Gel1 and may 

belong to the Gel family. 

Kre9 and Knh1 are functional homologues ƛƴǾƻƭǾŜŘ ƛƴ ʲ-1,6-glucan metabolism, with Kre9 

taking the dominant role. Deletion of Kre9 leads to slower cell growth and reduction and 

ŘŜŦŜŎǘǎ ƛƴ ǘƘŜ ʲ-1,6-glucan moiety of the cell wall. The phenotype of the Kre9 mutant can be 

rescued by overexpression of Knh12. Recently, Candida tropicalis Kre9 has been shown to 

ǇƻǎǎŜǎǎ ʲ-1,6-glucanase activity and has been identified as the target of the antifungal peptide 

CGA-N12143. Kre9 is therefore known to be an excellent target for antifungal drugs and a first 

biochemical analysis has been conducted; the structure of Kre9 remains unknown. The 

C. thermophilum cell wall isolates contain two proteins similar to Kre9/Knh1: G0SFW3 and 

G0SHT5. G0SBY7 is also similar to Kre9, but has not been identified in both, the prediction of 

GPI-anchored proteins (as no GPI-anchor attachment sequence could be identified) and the 

cell wall isolates. 

9ŎƳоо ό9ȄǘǊŀŎŜƭƭǳƭŀǊ aǳǘŀƴǘ ооύ ŀƴŘ ƛǘǎ ǇŀǊŀƭƻƎ tǎǘм όtǊƻǘƻǇƭŀǎǘǎπ{ŜŎǊŜǘŜŘύ ƘŀǾŜ ōŜŜƴ 

ŎƘŀǊŀŎǘŜǊƛȊŜŘ ƛƴ ǎŜǾŜǊŀƭ ŦǳƴƎƛ ό{Φ ŎŜǊŜǾƛǎƛŀŜмомΣ /ŀƴŘƛŘŀ ŀƭōƛŎŀƴǎмппΣ ŀƴŘ !Φ ŦǳƳƛƎŀǘǳǎмпрΣмпсΣ 

ŀƳƻƴƎ ƻǘƘŜǊǎмпт), but their function remains elusiveΦ 5ŜƭŜǘƛƻƴ ƻŦ 9ŎƳоо ǊŜǎǳƭǘǎ ƛƴ ŎŜƭƭ ǿŀƭƭ 

ŘŜŦŜŎǘǎΣ ƛƴŎƭǳŘƛƴƎ ŀ ǘƘƛƴ ƻǊ ŜǾŜƴ ŀōǎŜƴǘ ƳŀƴƴƻǇǊƻǘŜƛƴ ƭŀȅŜǊ ŀƴŘ ŘŜŦŜŎǘǎ ƛƴ bπƎƭȅŎƻǎȅƭŀǘƛƻƴΣ 

ǇŀǊǘƛŎǳƭŀǊƭȅ ŀŦŦŜŎǘƛƴƎ ǘƘŜ ŜƭƻƴƎŀǘƛƻƴ ƻŦ bπƭƛƴƪŜŘ ƻǳǘŜǊ ŎƘŀƛƴǎΦ 9ŎƳоо Ŏƻƴǘŀƛƴǎ ŀ ǊŜŎŜǇǘƻǊ 

[πŘƻƳŀƛƴΣ ǿƘƛŎƘ ƛǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŦƻǊ ŎŜǊǘŀƛƴ ƳŀƳƳŀƭƛŀƴ ǊŜŎŜǇǘƻǊǎΣ ǎǳŎƘ ŀǎ ƛƴǎǳƭƛƴ ǊŜŎŜǇǘƻǊмомΦ 

Ecm33 is one of the most common cell wall proteins and is considered to be of major 

importance for cell wall integrity and biosynthesis. It is regarded a promising target for further 

characterization. In this respect, especially structural and biochemical analysis of Ecm33 are 

required for understanding its function2. 

The C. thermophilum cell wall analysis revealed two potential adhesins: G0S5W8 and G0S002. 

G0S002 is an orthologue of the CFEM domain containing adhesin Mad1, which has been 
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shown to be involved in the adhesion to insect cells in Metarhizium anisopliae148,149. Some 

identified cell wall proteins appear a bit unusual on the first sight, such as G0S763, a protein 

similar to Bys1. Such proteins could also be identified in the cell walls of some Aspergillus 

species (A. fumigatus, Aspergillus flavus, A. nidulans)65. The function of Bys1 is unknown, it is 

expressed at high temperatures in the pathogenic fungus Blastomyces dermatitidis150. The 

C. thermophilum ŎŜƭƭ ǿŀƭƭ ŀƭǎƻ Ŏƻƴǘŀƛƴǎ ŀƴ ʰ-amylase (G0S3D9) and a glucoamylase (G0RZA2). 

¢ƘŜǎŜ ŀǊŜ ŎƻƳƳƻƴƭȅ ŦƻǳƴŘ ƛƴ ǘƘŜǊƳƻǇƘƛƭƛŎ ŦǳƴƎƛ ŀƴŘ ƘȅŘǊƻƭȅȊŜ ʰ-1,4-glycosidic linkages151. 

Several proteins have been described as relevant targets for biochemical characterization 

within the fungal cell wall by Orlean (2012), including Ccw12, Ecm33, Kre1, and Kre92. Some 

orthologues of these were identified in C. thermophilum cell wall isolates. These may be of 

use for further biochemical studies and especially for structural studies on named proteins. 

 

5. 2. Analysis of cluster VI adhesins from C. glabrata 

The structures of Awp1A and Awp3A stand out from known structures of C. glabrata adhesins. 

This opportunistic pathogen harbors various families of adhesins, of which the Epa (epithelial 

adhesin) family resembles the largest and best characterized one22,31. High-resolution 

structures are available of the A-domains of three members, Epa1, Epa6, and Epa9, in complex 

with different ligands26,29,152. The A-domains of Epa family members contain an anthrax 

protective antigen (PA14) domain, which mediates glycan binding. Another family of 

C. glabrata adhesins also contains an N-terminal PA14 domain and is therefore called the Pwp 

(PA14 containing wall proteins) family. However, no structural information from Pwp family 

members is accessible at present31. Other subgroups on C. glabrata adhesins are poorly 

characterized, identification usually relies on the typical domain architecture of adhesins22. 

 

рΦ нΦ мΦ {ǘǊǳŎǘǳǊŀƭ ǎƛƳƛƭŀǊƛǘȅ ǘƻ ǇŜŎǘŀǘŜ ƭȅŀǎŜ 

Structural similarity of Awp1A and Awp3A to proteins deposited in the PDB was analyzed via 

a pairwise 3D alignment with PDBeFold v2.59 with the default cut-off of 70 % for lowest 

acceptable similarity (see Appendix VII)153. Various proteins were identified to be similar to 

Awp3A, including the heme-hemopexin binding HxuA from Haemophilus influenza154, a variety 

of polysaccharide lyases from different organisms (e. g. the pectate lyase Bsp165PelA from 

Bacillus Sp. N165155, pectate lyase A from Erwinia chrysanthemi156, alginate lyase from 

Paenibacillus Sp. Str. FPU-7157), as well as other polysaccharide binding proteins (e. g. the 

chitin-binding polysaccharide lyase-like protein Cthe_2159 from 

Chaetomium thermocellum158, the Vi-antigen lyase VexL from Achromobacter denitrificans159 

or the serine-rich repeat protein (SRRP100-23) from Lactobacillus reuteri160). The identified 

proteins all contain a three-faced right-ƘŀƴŘŜŘ ʲ-helix. In general, sequence conservation was 

observed to be low, with sequence identities between Awp3A and search results ranging from 
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4.3 to 14.8 %; and RMSD values ranging from 2.63 to 6.04 Å, which indicates structural 

ǎƛƳƛƭŀǊƛǘȅΦ {ƛƳƛƭŀǊ ǊŜǎǳƭǘǎ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ƻōǎŜǊǾŜŘ ŦƻǊ ƻǘƘŜǊ ʲ-helix proteins154,158. 

Because the identified structurally similar proteins are all carbohydrate-binding proteins, a 

similar function was assumed for Awp1 and Awp3. Thus, binding to a wide variety of 

carbohydrates was analyzed via TSA and Glycan array screening (see chapter 4. 2. 5). The 

experiments did not detect binding to any of the carbohydrates tested. 

 

рΦ нΦ нΦ tƻǘŜƴǘƛŀƭ /ŀнҌ ōƛƴŘƛƴƎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ !ǿǇм! ŀƴŘ !ǿǇо! 

Because the structures of Awp1A and Awp3A both contain a parallel -̡helix, they pose the 

question of Ca2+ binding. tŀǊŀƭƭŜƭ ʲ-helices were identified in polysaccharide lyase families PL1, 

PL3, PL6, and PL9161. In those enzymes, as well as in the polysaccharide lyase-like Cthe_2159 

that was encountered in the PDBeFold search, Ca2+ is required for ligand recognition158,161. 

Also in the Epa family of C. glabrata adhesins, ligand binding is dependent on the presence of 

Ca2+ at the binding site31. The use of lanthanides as probes for Ca2+ binding sites has been 

described on several occasions162. Accordingly, potential Ca2+ coordination sites in Awp3A 

should be revealed by binding of the Ca2+ mimicking Gd3+ ions in the structure of Awp3A-Gd 

and conservation in Awp1A can be analyzed. A high number of the Gd3+ ions in Awp3A-Gd is 

involved in cluster formation, where they do not directly interact with the protein, or they 

interact with the protein via a single residue only (glutamic acid or aspartic acid). Obviously, 

these interactions do not resemble a Ca2+ binding site. Several Gd3+ ions are coordinated by 

two residues, amongst those two ions are located in a tetrahedral Gd3+ cluster, interacting 

with Q102, E132 and E134 (see cluster 2 in Figure 35). Interestingly, these Gd3+ coordination 

sites are not conserved in Awp1A, in which the Ser/Thr ladder is located at the corresponding 

ŦŀŎŜ ƻŦ ǘƘŜ ʲ-helix. Also Q70 and Q106 coordinate a single Gd3+ ion, as well as N181 and D183. 

Also these sites are not conserved in Awp1A. A higher coordination number can be observed 

for two Gd3+ ions in Awp3A-DŘΣ ǿƘƛŎƘ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ¢м ƭƻƻǇ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ʲ-helix. They 

interact with the carbonyl groups of K109, R110 and G139, and with E141 and D169 (see Figure 

33 A). However, a certain flexibility of these loop regions is implied, as the same regions are 

different in the native structures of Awp3A. The T1 loops Awp1A are dissimilar from the ones 

of Awp3A-Gd and Awp3A as well. A structural alignment with the pectate lyase C from Dickeya 

chrysanthemi (PDB: 2EWE) as a representative for the search results from the PDBeFold search 

indicates that no putative Ca2+ binding sites in Awp3A are located at positions equivalent to 

the the active site Ca2+ binding site of pectate lyases and pectate lyase-related enzymes (Figure 

33 B). Consequently, Awp3 cannot be considered a Ca2+ dependent adhesin. 

In Awp1A, no heavy atom binding was observed, although the crystallization condition 

contained a variety of lanthanides, namely Er, Tb, and Yb. Thus, there is no indication of Ca2+ 

binding in Awp1A too. 
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Figure 33: Coordination of Gd3+ in a potential Ca2+ binding site in Awp3A and comparison to pectate lyase 

A) A potential Ca2+ binding site in Awp3A, revealed by the Ca2+ mimicking Gd3+ that was introduced into the 

protein via soaking during the structure solution process. Among the numerous Gd3+ ions identified in the 

structure, only few are coordinated by more than one residue, therefore resembling a Ca2+ site. One of those is 

shown here, interacting with the side chains E141 and D169 and the carbonyl groups of K109, R110 and G139. 

B) A superposition of Awp3A-Gd (shown in green) and pectate lyase C from Dickeya chrysanthemi (PDB: 2EWE, 

depicted in blue) reveals that the potential Ca2+ binding sites of Awp3A are not located near the expected ligand-

binding site. Hence there is no indication for Ca2+ dependency of Awp3. 

 

рΦ нΦ оΦ tƻǘŜƴǘƛŀƭ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǎƛǘŜǎ ƛƴ !ǿǇм ŀƴŘ !ǿǇо 

Many fungal CWPs are functionally dependent on glycosylation, which can be divided into 

N-linked glycosylation and O-linked glycosylation. Upon N-glycosylation sugars are transferred 

onto asparagine residues in the protein, a process taking place on the cytosolic side of the ER2. 

The consensus sequence N-X-S/T (X can be any amino acid) can be used to recognize potential 

N-glycosylation sites2,163. O-linked glycosylation occurs on serine or threonine residues. 

However, there is no specific sequence motif associated with O-linked glycosylation in fungi164. 

Rather, the glycosylation seems to depend on a number of factors, including the sequence 

context (which is significantly different for glycosylated serines and threonines), secondary 

structure, and surface accessibility. Prediction tools for O-linked glycosylation are available for 

mammalian proteins (NetOGlyc)165 and for Dictyostelium discoideum (DictyOGlyc)166. 

Because the structure of Awp1A reveals remarkable ladders of serine and threonine residues 

ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ʲ-helix domain, a prediction of O-glycosylation sites in Awp1 was done 

using NetOGlyc 4.0165. The tool has been shown to overestimate O-glycosylation sites in fungi; 

nonetheless it is considered reliable, especially for the identification of highly O-glycosylated 

regions167. The tool predicted numerous glycosylation sides (see Appendix VIII), with the first 
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one being S235. Additional potentially O-glycosylated residues in Awp1 that are structurally 

resolved are: S254, S258, S262, T265, T267, T271, T273, T274, S292, T297, S299, S318, T321. 

Interestingly, none of the predicted glycosylation sites are located within the ̡ -helix part of 

ǘƘŜ ǇǊƻǘŜƛƴΤ ǘƘŜȅ ŀǊŜ ŀƭƭ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ʰ-crystallin domain. Two potential O-glycosylation sites 

are not surface exposed and therefore not expected to be accessible (S254, T274); S318 and 

T321 are part of the C-terminal loop region in the structure. NetOGlyc also identified a vast 

amount of glycosylation sites in the Ser/Thr-rich region of Awp1. This coincides with 

glycosylation predictions performed on Ser/Thr-rich regions in other fungal cell wall 

proteins168. The last glycosylation site predicted is T845, which may already be part of the 

-̟ region of the GPI-anchor signal sequence. 

 

рΦ нΦ пΦ wŜŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ŎƭǳǎǘŜǊ ± ŀƴŘ ŎƭǳǎǘŜǊ ±L ŀŘƘŜǎƛƴǎ Ǿƛŀ ŀ {{b 

Classifications of Awp1-14 have been done by de Groot et al. in 200824 and by Xu et al. in 

202027; both classifications are based on a phylogenetic tree. In the phylogenetic analysis of 

protein sequences the gene tree is combined with the species tree. Resulting subtrees should 

contain proteins with similar functions, but this is not always the case169. In this respect, the 

SSN provides an additional tool for the classification of protein sequences, which is based on 

sequence similarity only170. Compared to a phylogenetic analysis, sequence similarity based 

methods perform better in the identification of isofunctional subgroups169. 

The SSN presented in this thesis was generated using the ̡ -helical regions of the Awp1 and 

Awp3b A-domains for iterative PSI-BLAST searches. Thereby the included number of 

sequences could be expanded, which also lead to the inclusion of a large amount of bacterial 

sequences in the network. An E-value cut-off of 10-20 was used for SSN generation, hence the 

formed clusters only contain sequences below this E-value. The clusters in the network 

contain either bacterial or fungal sequences, no mixed clusters can be observed. In fact, most 

clusters in the network contain proteins from the same organism, except the Iff/Hyr cluster 

and a cluster of an unknown protein family, containing sequences from Dothideomycetes, 

Taphrinomycetes, Basidiomycetes and two plant sequences (from cork oak). Protein families 

could not be assigned to all clusters in the network. 

Various adhesin families contained the network, including the Hyr1 and the Iff family of 

adhesins from C. albicans, which are members of the same cluster. Another cluster is formed 

by Hpf1, Css1 and Awa1 from S. cerevisiae. Interestingly, Hpf1 and Awa1 have been described 

to be similar to Awp1 and Awp2 by de Groot et al.24; a relationship that could be confirmed in 

the SSN. The fact that Awp1 and Awp2 are members of different clusters of adhesins (cluster VI 

and cluster V, respectively), but are both similar to Hpf1, was not entirely conclusive at that 

time, but is now confirmed in the SSN. The cluster VI adhesins Awp1 and Awp3 fall into 

different clusters, both containing sequences from C. glabrata exclusively. In contrast to that, 

the cluster V adhesins Awp2 and Awp4 are members of the same cluster in the SSN, which 
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also consists of C. glabrata sequences. Numerous paralogs of Awp2 were identified (Awp2a-i); 

the Awp2 paralog originally identified by de Groot et al. is named Awp2. 

The SSN indicates a high similarity of the cluster V adhesins Awp1/3 to the cluster VI adhesins 

Awp2/4. This similarity is also expected to be conserved on the structural level, indicating that 

!ǿǇн ŀƴŘ !ǿǇп ŀƭǎƻ Ŏƻƴǘŀƛƴ ŀ ʲ-helix motif. Sequence identity and similarity were 

determined via pair-wise alignment (using EMBOSS Needle) and are shown in Figure 34 A. The 

sequence identities between the proteins are range from 16.7% to 25.1%, which is generally 

ƘƛƎƘΣ ŜǎǇŜŎƛŀƭƭȅ ŦƻǊ ʲ-helix proteins114. Many hydrophobic residues are conserved and a 

ǇŀǘǘŜǊƴ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ʲ-strands can be observed, i. e. in many parts of the 

sequences every second amino acid is a hydrophobic one. Models of the Awp2 and Awp4 

A-domains (ranging from Q26 ς Y344 in Awp2 and from Q27 ς S231 in Awp4) were generated 

using SWISS-MODEL171 with Awp1A as a template. This resulted in generation of two different 

models for Awp2A and one model for Awp4A, which are shown in Figure 34. 

 

 

Figure 34: Models of the Awp2 and the Awp4 A-domains 

A) Sequence identities and sequence similarities between Awp1-4 are given. B) A model of the Awp2 A-domain, 

containing P98 ς bнфлΦ Lǘ ǊŜǾŜŀƭǎ ŀ ʲ-ƘŜƭƛȄ ƳƻǘƛŦ ǿƛǘƘ ŜƭƻƴƎŀǘŜŘ ƭƻƻǇǎ ŀǘ ƻƴŜ ǎƛŘŜΣ ŦƻǊƳƛƴƎ ŀ ǎƘƻǊǘ ʰ-helix. C) The 

second Awp2A model comprises a larger part of the Awp2 A-domain, namely I27 ς N321. The model is highly 

similar to Awp1A. D) The model of Awp4A contains A28 ς S231, which form a three-ǎƛŘŜŘ ǇŀǊŀƭƭŜƭ ʲ-helix. 
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In case of Awp2A, model 1 does not include the full sequence of the A-domain, consisting of 

P98 ς N290. In contrast, model 2 contains almost the full sequence of Awp2A (namely 

I27 ς N321), only 23 residues on the C-terminal end of the domain are missing. The latter is 

more similar to Awp1A. However, a loop similar to the elongated loop region in model 1 that 

ƛƴŎƭǳŘŜǎ ŀ ǎƘƻǊǘ ʰ-ƘŜƭƛȄΣ ƳƛƎƘǘ ŀƭǎƻ ōŜ ŀ ǇŀǊǘ ƻŦ !ǿǇн!Φ ¢ƘŜ άǘǊǳŜέ ǎǘructure of Awp2A is 

ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ŀ ƳƛȄǘǳǊŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ƳƻŘŜƭǎΣ ŎƻƴǘŀƛƴƛƴƎ ŀ ǇŀǊŀƭƭŜƭ ʲ-helix with extended 

loops on one side, which eventually form additional secondary structure elements; similar to 

the structures of some pectate lyases114,115. Awp4A was modelled from A28 ς S231, thus 

including the whole A-domain with only one residue missing in the beginning of the sequence. 

As expected, the model reveals a three-ǎƛŘŜŘ ǇŀǊŀƭƭŜƭ ʲ-helix, which is expected to reflect the 

true structure of the protein very well. 

 

рΦ нΦ рΦ !ǿǇо! ŎǊȅǎǘŀƭǎ ǎƻŀƪŜŘ ǿƛǘƘ DŘоҌ ŀŎŜǘŀǘŜ ǊŜǾŜŀƭ ŀ ƭŀƴǘƘŀƴƛŘŜ ŎƭǳǎǘŜǊ ƻŦ ǘƘǊŜŜπŦƻƭŘ 

ǎȅƳƳŜǘǊȅ 

Soaking of Awp3A crystals in Gd(OAc)3 resulted in incorporation of 42 Gd3+ ions in the 

asymmetric unit. At present, this is the highest number of lanthanide ions detected in a 

protein structure. Two Gd3+ clusters ς which have formed by serendipity ς can be identified in 

Awp3A-Gd, composed of 21 ions and four ions, respectively. The smaller cluster of four Gd3+ 

ions has the shape of a tetrahedron, participating ions are coordinated by Q102, E132 and 

E134. Distances between the Gd3+ ions range from 2.8 ς 3.8 Å, they are 2.4 Å apart from the 

carboxyl group O of the coordinating residues. 

The larger cluster is connected to the protein via two residues, D40 and E59. It is composed of 

four tetrahedral subclusters (A, B, C, D). Subclusters A, B and C reveal distances of 3.3 ς 4.1 Å 

between the ions. They are connected by triangular planar clusters composed of three Gd3+, 

with which they form a basket-like shape with three-fold symmetry. Distances of ions 

participating in composing those triangles range from 3.5 to 4.4 Å. Subcluster D is associated 

to the basket-like shape via a single Gd3+ ion, atoms in this subcluster are a bit further apparat 

from each other when compared to the other subclusters, namely 3.7 ς 4.4 Å. 

The formation of lanthanide clusters ς also in protein crystals ς has been described on several 

occasions98,172ς175. Ma et al. described a tetrahedral Gd4O4 cluster, in which they measured 

distances of approximately 3.7 ς 3.9 Å between Gd atoms172. Gd-Gd distances observed in 

Awp3A-Gd are similar to those, but the tetrahedral clusters are more distorted. In case of 

cluster 2 this may be caused by the coordination via three residues that push the ions into 

their positions. A distance of ca 2.4 Å between Gd and the carboxyl group O of a valine ligand 

was described in the Gd4O4 cluster172; this coincides with the distances measured between 

Gd3+ ions of cluster 2 and coordinating residues E134, E132, and Q102, as well as with the 

distances measured between D40 and E59 to ions from cluster 1. Clustering of heavy atoms 

could also be observed in other protein structures. For example, a heptanuclear Gd3+ cluster 

was detected on the surface of the A-domain of the yeast flocculin Flo5, Flo5A. In this case, 
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the cluster could be divided into two subclusters; one exhibiting the tetrahedral shape 

described above, the other one having the triangular shape that was also observed in 

Awp3A-Gd98. 

 

 

Figure 35: Overall structure of the Awp3 A-domain and coordination of Gd3+ clusters 

The asymmetric unit of the Awp3A-Gd complex contains one molecule of the Awp3 A-domain (shown in cartoon 

representation in green), as well as 42 Gd3+ ions (orange spheres). Several single Gd3+ ions are associated to the 

ǇǊƻǘŜƛƴΩǎ ǎǳǊŦŀŎŜΣ as well as two Gd3+ clusters, one containing 21 Gd3+, the other one consisting of 4 ions. Cluster 1 

is connected to the protein via residues D40 and E59. The tetrahedral subclusters A, B, and C form a basket-like 

shape of three-fold symmetry, subcluster D is connected to the compartment on a corner of the basket. Cluster 2 

is a tetrahedral cluster of 4 Gd3+ ions, coordinated by Q102, E132, and E134. 

 

The paramagnetic properties of certain transition metals and lanthanides are commonly 

exploited for use as contrast agents in magnetic resonance imaging (MRI). Especially Gd 

complexes are widely used, in approximately 25 - 30 % of all MRI scans (as of 2005)176. 

Although the compounds are designed to be completely excreted from the human body, the 

accumulation of Gd in different tissues has been described. In patients with compromised 

renal function, which increases the plasma elimination half-life, Gd is deposited in the skin and 

various internal organs after administration of certain Gd-based contrast agents. But also 

patients with normal renal function get accumulations of Gd in the brain and in the bones. 

Cumulative and long-term effects of these are still unknown176,177. Gd clusters, such as the 

ones observed in the structures of Awp3A-Gd or Flo5A, may provide a basis for the design of 

novel protein-based contrast agents for MRI98.  
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5. 3. Analysis of the CFEM domain of the GPCR CtPth11 

Pth11 is a GPCR that is essential for appressorium formation in several fungal plant pathogens, 

including the rice blast fungus M. oryzae40,44 and the causative of Fusarium Head Blight, 

F. graminearum47. The receptor has a CFEM domain on its N-terminus, which is proposed to 

contain the binding site for an unknown ligand, seven transmembrane helices, and an 

unknown cytoplasmic domain. Pth11 is regarded a relevant target for the development of 

antifungal agents for agriculture40. 

 

рΦ оΦ мΦ {ǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ /ǘtǘƘмм /C9a ŘƻƳŀƛƴ 

The structure of the CtPth11 CFEM domain was solved via S-SAD, after initial attempts using 

MR. For latter, the structure of the CFEM protein Csa2 from C. albicans (PDB: 4Y7S)37 was used 

as an MR model. The Csa2 structure is the only structure of a CFEM domain currently 

contained in the PDB. The sequence identity and similarity of the CtPth11 CFEM domain 

(A36 ς G100) and the one from Csa2 (Y56 ς A119) are 18.5% and 33.8%, respectively. 

Considering the short length of the sequence and the presence of eight cysteines, which are a 

characteristic of the CFEM domain, these are very low numbers. In fact, only four more 

residues were found to be identical. It is therefore not particularly unexpected that the MR 

attempts failed, even though trimmed versions of the Csa2 structure and models of the Pth11 

CFEM domain were used. 

Structure solution was achieved via S-SAD, which uses the anomalous scattering originating 

from sulfurs naturally occurring in the protein for structure solution. The high amount of 

cysteines in the CFEM domain is advantageous in this regard, as is the high-symmetry space 

group that allows collection of data with high multiplicity. However, the protein was 

crystallized in a condition containing a high concentration of ammonium sulfate, thus it is hard 

to predict how many heavy atoms sites to expect and the presence of unordered sulfur atoms 

might be unfavorable during the phasing process. Four datasets collected from a single crystal 

were used for solving the structure of the CtPth11 CFEM-domain, using CRANK2120. 

The CtPth11 CC9a ŘƻƳŀƛƴ Ŏƻƴǎƛǎǘǎ ƻŦ ŦƛǾŜ ʰ-helices, connected to each other via four disulfide 

bonds (C43 ς C83, C47 ς C78, C57 ς C64, C66 ς C99). These are in accordance with the ones of 

the C. albicans Csa2 CFEM domain (PDB: 4Y7S; see Figure 36). CaCsa2 belongs to the Pga7 

family of CFEM proteins and is described to be involved in heme-iron acquisition from 

hemoglobin37. When comparing the structures of both CFEM domains ς the one of CtPth11 

and the one of CaCsa2 ς four helices align very well. This is reflected by the RMSD of 1.976 Å 

over 509 atoms of the superimposed structures. Only the most N-terminal helix of the CtPth11 

CFEM domain is tilted when compared to the equivalent helix in the CaCsa2 structure. The 

structure of Ca/ǎŀн ŘƻŜǎ ƴƻǘ ƻƴƭȅ Ŏƻƴǘŀƛƴ ǘƘŜ /C9a ŘƻƳŀƛƴΣ ōǳǘ ŀƭǎƻ ǘǿƻ ŀŘŘƛǘƛƻƴŀƭ ʰ-helices, 

of which one is placed N-terminal of the domain and the other one C-terminal. The N-terminal 

helix is involved in ligand binding by being placed over the bound heme molecule like a lid. 
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Accordingly, the ligand binding site of CaCsa2 is proposed to be on top of the CFEM domain, 

where the heme interacts with D80 in the CFEM domain and Y36 from the lid helix37. No other 

features indicating further ligand binding sites can be observed in the structure. 

 

 

Figure 36: Comparison between the CaCsa2 and the CtPth11 CFEM domains 

A) Surface electrostatic potential of the CaCsa2 CFEM domain. The heme molecule is placed on top of the domain 

ŀƴŘ ōǳǊƛŜŘ ōȅ ŀ ƭƛŘ ŦƻǊƳŜŘ ōȅ ŀƴ ʰ-helix N-terminally from the CFEM domain. B) Schematic representation of the 

CFEM domain (generated with Protein Imager178). The helices forming the domain are numbered and the 

disulfide bonds are indicated by the connected orange spheres. The arrangement of the disulfide bonds is 

conserved between the two proteins. C) Cartoon representation of the structure of CaCsa2 in complex with 

heme, colored in rainbow scheme (N-terminus blue, C-terminus red). The disulfide bonds are shown in magenta 

and labeled. D) Superposition of the structures of CaCsa2 (colored blue) and the CtPth11 CFEM domain (shown 

in green). The structure of the CFEM domain is conserved; only the most N-ǘŜǊƳƛƴŀƭ ʰ-helix of the domain is 

tilted. 
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In contrast, the structure of the CtPth11 CFEM domain reveals two potential ligand binding 

sites, placed vis-à-vis each other (see chapter 4. 4. 4, Figure 26). The potential binding sites 

are both hydrophobic in their inside; the larger one has some positively charged residues at 

its entrance (K80, K92, K104), the smaller one a negatively charged one (E49). Fragment 

screening revealed that the bound fragments are all located in the larger cavity in the CFEM 

domain (see chapters 4. 4. 5 and 5. 3. 3). Depending on the orientation of F48, the cavities are 

either divided or a tunnel through the molecule is formed. The properties of the tunnel were 

analyzed using MOLEonline179 (see Figure 37). 

 

 

Figure 37: Analysis of the tunnel through the CtPth11 CFEM domain 

A cartoon representation of the CtPth11 CFEM domain in two different orientations is shown (N-terminus blue, 

C-terminus red). The tunnel through the domain depicted as yellow spheres, it was analyzed using MOLEonline179. 

Chain D was chosen for the analysis; F48 is orientated in a way that does not divide the two cavities in the domain. 

A graphical representation of hydrophobicity and diameter along the length of the tunnel is shown in the lower 

part of the figure. The hydrophobicity is shown as a normalized scale that ranges from the most hydrophilic 

residue (E with -1.14) to the most hydrophobic one (I with 1.81), as described by Cid et al.180. 

 

The tunnel through the CtPth11 CFEM domain has a length of 23 Å and is mostly lined by 

hydrophobic residues. The calculation of its diameter ς performed on chain D of the 

asymmetric unit ς reveals a bottleneck of 1.2 Å, located at F48. This small diameter does not 

suggest that a molecule would fit through the tunnel, as it is almost as small as the van der 

Waals radius of a hydrogen atom (1.09 Å181). However, a change in the placement of the F48 

side chain might widen the tunnel enough to allow some ligands, such as fatty acids, to fit 

through the tunnel. Pth11 is suggested to induce the differentiation of appressoria upon 

sensing either specific plant surface cues or hydrophobicity. This was shown by detection of 

increased appressorium formation of M. grisea on polystyrene and Teflon supplemented with 
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1,16-hexadecanediol (which contains a fatty acid chain), compared to the unsupplemented 

surfaces. The effect could not be observed in M. grisea mutants with a defective pth11 gene44. 

Fatty acids are common components in the plant cuticle182 and the question if these are the 

unknown surface cue that Pth11 senses remains open. Further examination of a possible 

interaction between Pth11 and fatty acid chains via molecular dynamics simulations are 

therefore suggested. 

 

рΦ оΦ нΦ !ŎŎŜǎǎƛōƛƭƛǘȅ ƻŦ ǘƘŜ ōƛƴŘƛƴƎ ŎƭŜŦǘ 

The structural analysis of the CtPth11 CFEM domain revealed two possible ligand binding sites. 

However, it must be considered that Pth11 does not only consist of the CFEM domain, but 

also has a transmembrane region and a cytoplasmic C-terminal region. The orientation of the 

CFEM domain on the transmembrane region may not allow binding of a ligand at the potential 

binding sites due to limited accessibility. This problem was analyzed by prediction of residue-

residue interactions, using GREMLIN (http://gremlin.bakerlab.org). GREMLIN conducts a 

covariance prediction; the input for which is a multiple sequence alignment. For the positions 

that vary in different proteins following assumption is made: when amino acid X varies, then 

ŀƳƛƴƻ ŀŎƛŘ ¸ ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ · ǿƛƭƭ ŀƭǎƻ ǾŀǊȅΤ ǘƘŜ ŀƳƛƴƻ ŀŎƛŘǎ άŎƻ-ǾŀǊȅέΦ These residues are 

usually found to interact with each other183. 

The covariance prediction for the N-terminal CFEM domain of CtPth11 and the 

transmembrane part was done using both sequences separately as input. The CFEM domain 

(stretching from V24 ς S105) was aligned with 1155 sequences, the GPCR region (L109 ς R380) 

with 6529 sequences. When joined, they were aligned with 344 sequences. The cytoplasmic 

C-terminal domain of CtPth11 was not included in the prediction. The contact map generated 

by GREMLIN is shown in Appendix IX, as is the full list of residues predicted to interact with 

each other. In general, many residues with a distance of three to four amino acids between 

each other were predicted to be adjacent, indicating the presence of -hhelices. This 

demonstrates the reliability of the prediction, as it reflects the structure of both parts of 

CtPth11 ς i. e. the CFEM domain and the transmembrane region. The predicted residue-

residue interactions were used to generate a model of CtPth11 using MODELLER118, which is 

shown in Figure 38. The model structure reveals that both potential bindings sites within the 

CFEM domain are accessible. Following residue pairs were predicted to be neighbors with a 

high probability: K86 ς H259, K86 ς F176, T90 ς F173, and N93 ς F173. K86, T90 and N93 are 

part of the most C-terminal h -helix of the CFEM domain. F173 and F176 are located between 

the second and the third h-helix of the transmembrane region; H259 is part of a longer loop 

between the forth and the fifth transmembrane helix. All three residues from the 

transmembrane region of CtPth11 are located on the extracellular side of the transmembrane 

region. Thus, the predicted interactions are indeed possible; they are shown in the model 

structure in Figure 38 B. It should be considered that loop regions and side-chain 

conformations cannot be modeled precisely, leading to unexpectedly long distances between 

interacting residues in the model structure. 
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Figure 38: Model of the CtPth11 CFEM domain and the transmembrane region 

A) The model of the CtPth11 CFEM domain and transmembrane region is shown in two orientations. The protein 

is depicted in cartoon and surface representation; the electrostatic potential of the surface was visualized using 

the APBS Electrostatics plugin in PyMOL. The model exhibits that both potential ligand binding sites are 

accessible. B) The region harboring residues predicted to be neighbors is shown. Interacting residues are shown 

as sticks and connected by dashed lines. 

 

рΦ оΦ оΦ CǊŀƎƳŜƴǘ ǎŎǊŜŜƴƛƴƎ ŀƎŀƛƴǎǘ ǘƘŜ /ǘtǘƘмм /C9a ŘƻƳŀƛƴ 

¢ƘŜ άǊŜǎƻƭǳǘƛƻƴ ǊŜǾƻƭǳǘƛƻƴέ ŜƴŀōƭŜŘ ǘƘŜ ŎƻƭƭŜŎǘƛƻƴ ƻŦ Řŀǘŀ ǿƛǘƘ ƘƛƎƘŜǊ ŀƴŘ ƘƛƎƘŜǊ ǊŜǎƻƭǳǘƛƻƴǎ 

using single particle cryo-EM, a method that does not rely on formation of protein 

crystals80,184,185. This has changed the current and future perspectives on the applications of 

X-ray crystallography, which is also reflected by the more recent developments in the field. 

Besides the development of XFELs that allow the acquisition of time-resolved crystallography 

data, the speed of data acquisition at synchrotron beamlines and the applications running 

automated data analysis have extensively improved. X-ray crystallography is thus perfectly 
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suited for structure-based drug-discovery, which has become a commonly used method185. In 

this work, a fragment screen against the CtPth11 CFEM domain was conducted, serving two 

purposes: first, further information on the potential natural ligand of Pth11 should be gained. 

Second, some potential inhibitors, which may be of use for the development of antifungal 

agents for agriculture, may be identified. Fragments contained in the Frag Xtal Screen (Jena 

Bioscience) were used. 

The automatic data analysis pipeline DIMPLE106 was used for the evaluation of the fragment 

screen datasets. 118 records were handled using DIMPLE, 21 of those could not be handled 

by the pipeline. Since the diffraction quality of many crystals was severely compromised by 

the soaking process, DIMPLE can nevertheless be considered a reliable method for rapid 

structure solution of multiple datasets. ¢ƘŜ ǇƛǇŜƭƛƴŜ ŀƭǎƻ ƛŘŜƴǘƛŦƛŜǎ ǎƻ ŎŀƭƭŜŘ άǳƴƳƻŘŜƭƭŜŘ 

ōƭƻōǎέ ƛƴ ǘƘŜ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ƳŀǇǎ ς i. e. regions of electron density that do not contain any 

structure model. Bound fragments were observed in four datasets, but DIMPLE was able to 

identify unmodelled blobs in only one of them. Manual evaluation of the electron density 

maps of the datasets is therefore considered as necessary. The fragments that were bound 

the CtPth11 CFEM domain are shown in Figure 27. 

The electron densities for fragment 3, fragment 34 and fragment 62 were unambiguous; 

fragment 94 could not be modelled into the electron density in any meaningful way. All 

fragments are placed in the larger cavity of the CFEM domain (see Figure 39). Only few 

interactions are formed between the compounds and residues from the CFEM domain: C66 

and N72 interact with fragment 3; N72, T76 and T95 interact with fragment 34; fragment 62 

does not seem to interact with any residue. In general, the hydrophobic compounds are 

located in the hydrophobic cavity. This is in agreement with the suggestion that Pth11 might 

sense hydrophobicity on the plant surface44.  

 

 

Figure 39: Placement of the bound fragments within the CttǘƘмм /C9a ŘƻƳŀƛƴΩǎ ŎŀǾƛǘȅ 

A) The cartoon and surface representation of the CtPth11 CFEM domain shows that the fragments are all bound 

in the same cavity. The APBS Electrostatics plugin for PyMOL was used to generate the surface representation. 

The cavity, in which the ligands are placed, is hydrophobic, some positively charged residues are placed at its 

entrance. B) An overlay of all three bound fragments in two different orientations. The CFEM domain is shown 

in cartoon representation, the residues interacting with the ligands are depicted as sticks. Dashed lines indicate 

the interactions between protein and fragment.  


