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ABSTRACT

The amphiphilic saposins SapA, SapB, SapC, and SapD are glycoproteins acting at
the lipid-water interface of intra-lysosomal lipid vesicles. They are required for the
degradation of sphingolipids by glycosylceramidase and ceramidase, respectively,
and lipid-antigen presentation by CD1 molecule. Despite the simple makeup of
saposins, their mode of interaction with acidic phospholipid-containing membranes is
not fully understood. The present work describes two high resolution crystal
structures of human SapC that reveal an unusual homodimer with swapped
monomers in an ‘open’ configuration. This novel form of SapC dimer provides new
insights into protein-lipid interactions and supports the “clip-on” model for SapC-
induced vesicle fusion. Small-angle X-ray scattering (SAXS) experiments with SapC
have established the presence of SapC oligomers in solution supporting the
mechanism in which SapC forms protein patches on the membrane surface and
activates hydrolytic enzymes, of which one is a human acid ceramidase (ASAH) - a
lysosomal enzyme indispensable for ceramide degradation in lysosomes as
demonstrated by its association with the fatal sphingolipid storage disorder Farber
disease. In the present work the X-ray crystal structure of the conjugated bile acid
hydrolase (CBAH) from C. perfringens — a near bacterial homologue to the b-subunit
of the human acid ceramidase — was determined at 1.6 A resolution. Using CBAH
structure, a homology model for acid ceramidase was generated, and residues
responsible for the catalytic activity of the ASAH were proposed. The obtained 3D
model of the ASAH provides a new tool to better understand Farber disease and the

catalytic mechanism of the human acid ceramidase.

On the basis of the crystal structure of CBAH determined here and prior works on
related bacterial enzymes, the processing, catalytic mechanism, and substrate
binding of this enzyme are discussed. The structures of CBAH in complex with
reaction products are the first structures of a member of the choloylglycine-
hydrolase family complexed with products and provide a working model for
engineering substrate specifity of N-terminal nucleophillic hydrolases, a protein

family employed in the industrial production of b-lactam antibiotics.



ZUSAMMENFASSUNG

Saposine SapA, SapB, SapC und SapD sind amphiphile Glykoproteine und agieren
an der Lipid-Wasser-Phasengrenze. Sie sind unentbehrlich fir den lysosomalen
Abbau von Sphingolipiden durch spezifische Hydrolasen und fiir die Prasentation von
Lipid-Antigenen durch CD1-Molekiile. Trotz des einfachen dreidimensionalen Aufbaus
der Saposine ist deren Interaktion mit azidischen Phospholipid-Membranen noch
nicht vollstdndig verstanden. Vorliegende Arbeit beschreibt zwei Kristallstrukturen von
menschlichem Saposin C (SapC), die eine ungewoOhnliche homodimere offene
Konformation mit vertauschten Monomeren (domain swapping) aufweisen. Diese
neuartige Form der SapC Dimerisierung bietet neue Einblicke in Protein-Lipid-
Wechselwirkungen und unterstitzt das so genannte "clip-on" Modell, das fir die durch
SapC induzierte Vesikel-Fusion vorgeschlagen wurde. RoOntgen KleinrWinkel-
Streuung (SAXS) Experimente mit SapC zeigten das Vorhandensein von SapC
Oligomeren in Losung auf und unterstitzten so den Mechanismus, in dem SapC
durch die Bildung von Protein-Pflastern an der Phasengrenze hydrolytische Enzyme in
Lysosom aktiviert. Die menschliche saure Ceramidase (ASAH) gehort dazu als
lysosomales Enzyms unentbehrlich fur den Abbau der Ceramide, wie der
Zusammenhang zwischen dem Ausfall von der saueren Ceramidase und der todlichen
Farber-Krankheit aufzeigt. In dieser Arbeit wurde die Kristallstruktur der konjugierten
Gallenséaure hydrolase (CBAH) von C. perfringens bestimmt, die homolog der b-
Untereinheit der ASAH ist. Die Struktur der CBAH wurde verwendet, um ein
Homologie-Modell fiir die saure Ceramidase zu generieren sowie Aminosauren
vorzuschlagen, die verantwortlich fir die katalytische Aktivitat von ASAH sind. Das
erhaltene 3D Modell bietet ein neues Werkzeug zum besseren Verstandnis der
Farber-Krankheit und des katalytischen Mechanismus der menschlichen saueren

Ceramidase.

Auf der Grundlage der in dieser Arbeit bestimmten CBAH-Kristallstruktur und anderen
Arbeiten an &hnlichen bakteriellen Enzymen werden Prozessierung, katalytisches
Mechanismus und Substrat-Bindung der CBAH diskutiert. Die Strukturen von CBAH-
Komplexen mit Reaktionsprodukten sind die ersten Strukturen dieser Art von
Choloylglycine-Hydrolasen. Sie bieten ein Modell fur die Manipulation der Substrat-
Spezifitdtt von so genannten Ntn-Hydrolasen, einer Protein-Familie, die bei der
industriellen Herstellung von b-lactam Antibiotika verwendung findet.
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ABBREVIATIONS

AU

ASAH
BESSY

°C

CD
CBAH
DXC

E. coli
FOM
IPTG
MAD
ODs00
PDB
P. pastoris
PCR
PEG
r.m.s.d.
SAD
SDS
Tris

UV2g0

asymmetric unit
Angstrom, 0.1 nm

Human acid ceramidase

Berliner Elektronenspeicherring Gesellschaft

fur Synchrotronstrahlung

Degree Celsius

Circular dichroism

Conjugated bile salt hydrolase
Deoxycholate

Escherichia coli

Figure of merit

Isopropylthiogalactoside

multi- wavelength anomalous dispersion
Optical density at 600 nm

Protein Data Bank

Pichia pastoris

Polymerase chain reaction
Polyethyleneglycol

root mean square deviation

single wavelength anomalous dispersion
Sodium dodecyl sulfate

Tris - (hydroxymethyl) - aminomethane

Ultraviolet absorption at 280



CONTENT

1

2
3

INTRODUGCTION ....ceeeiieeeee et e e nne e sn e e sneesneennee s 1
000 R S o 11 T o] [T o £SO 1
1.2  Glycosphingolipid degradation.............cccceeceieeieiceesieiecee e 3
1.3 Sphingolipid activator ProteinNs ........ccccceeceeeeseere st 4
1.4  Direct interactions of saposins with hydrolytic enzymes.........cccccoeovvveveececnnene. 6
BT ST o] o 11 o o] [T ][ [0 1= S 7
1.6 Human acid CEramitase ..........ccoeiriirieerineeeee e 9
1.7  Biological role of Ceramide .........ccooeiieieieseee e s 11
1.8 Biological role of bile SAlS ... 12
1.9 Conjugated bile acid hydrolase (CBAH) ... 14
1.10  NIN-NYAIOIASES ... 14
1.11 Biotechnological applications of Ntn-hydrolases...........ccccooevininnencnenennnn. 16

AIM OF THIS WORK ..ottt et s nne e 19

MATERIALS AND METHODS ...t 20
Bl SAPC e r e nre s 20

3.11 Cloning and expression Of SAPC........ccviiiririnerieeee e 20

3.1.2 Protein precipitation by chloroform/methanol...............ccccoiininninnee. 20

3.13 High-density fermentation of SapC ... 21

3.14 Purification Of SAPC ..o 21

3.15 Crystallization Of SAPC ..o 22

3.1.6 Collection and processing of SapC X-ray datasets .........cccccecererieniennnns 22

3.1.7 Circular dichroiSm SPECIIOSCOPY.....cieerererrirriereesieesie e sree e e see e 22

3.1.8 Small-angle X-ray SCatteriNg .......ccccveererieriereee e 23

3.1.9 Cloning of CBAH and CBAH mMUtants ........ccccccevceevie e 23
3.2 Conjugated Bile Salt Hydrolase (CBAH) ........ccccooiiiiiiciiese e 24

3.2.1 Expression and purification of CBAH and CBAH variants.............c.c....... 24

3.2.2 IMMUNODBIOt ANAIYSIS ... 25



3.2.3 Conjugated bile salt hydrolase assay........c.ccovvrieienenenene e 26
3.24 Crystallization of CBAH and CBAH variants............ccoceoveveneneneneseniennens 27
3.25 Collection and processing of CBAH datasets..........ccocvevenenencneneniennns 28
3.2.6 Docking of choloylglycine into the active site of CBAH.........ccccccecvveenien. 28
3.2.7 Tunnel identification uSINg CAVER ..., 29
3.3 Human acid ceramidase (ASAH) ... 29
331 Expression and purification of ASAH ... 29
3.3.2 Crystallization Of ASAH ... 29
3.3.3  Collecting of ASAH X-ray diffraction data.........c.cceceeverenenencrenereeene 30
3.34 Homology modelling of the b-subunit of ASAH ... 30
3.3.5  Structure analysis and generation of fiQures .........ccccecevevencnenenenene. 30
RE SU L T Sttt ettt et e e s e e e be e e ae e e be e saneeebeesnseenneesaneans 32
A1 SAPC et e e ne s 32
411 Expression and purification of SApC.........ccoeviririniirieieee e 32
4.1.2 CD SPecCtroSCOPY Of SAPC ..ot 32
4.1.3 Crystallization Of SAPC ... .o 37
414 Determination of the structure of SQPC.........ccooeiiriiiiie e 38
4.1.5 Overall structure Of SAPC ......coeiiieie e 40
4.1.6 Conformational flexibility and oligomerization of SapC...........ccccccvevueenen. 43
4.1.7 SAXS studies on SapC in SOIULION ......cccee i 44
4.1.8 Initial interactions of saposins with lipid head groups ........cccccccvvvvcieennn. 45
4.2  Conjugated bile salt hydrolase (CBAH) ..o 49
42.1 Expression and purification of CBAH............cccoeiieieceiece e 49
4.2.2 Crystallization of CBAH and X-ray data collection..........c.ccccocevveieieenen. 50
4.2.3 Structure determination Of CBAH ... 52
4.2.4  Overall structure of CBAH .........ccoiiiiiiineeee e 56
425 Quaternary structure of CBAH...........ccooi e 59
4.2.6 Substrate-binding pockets of CBAH ... 61
4.2.7 Structural comparison of CBAH to other proteins..........cccccvvceveeveceennen. 64



4.2.8 Catalytic mechanism of CBAH.........cco e 68

4.2.9 Catalytic activity of CBAH Variants ..........cccoevirerieniiiesesese s 71
4.2.10 Role of Arg18 in the active site 0Of CBAH ........cccceiriiiirinirene e 72
4.2.11 Processing Of CBAH ... 75
4.2.12 Initial substrate binding by CBAH.........cocc i 76
4.2.13 Product binding DY PVA ... 78
4.2.14 Substrate selectivity Of CBAH ... 80
4.2.15 CBAH INNIDITOIS ... e 83
4.3  Acid ceramidase (ASAH) ..o e 83
43.1 CD spectroscopy of CBAH and ASAH ... 83
43.2 Crystallization of ASAH and X-ray data collection..........ccccceceveerieneennens 85
4.3.3 Homology modelling of the acid ceramidase subunits.............cccceccveenee. 86
434 Validation of the homology model of the b-subunit..............cccconienen. 87
4.3.5 Proposed active Site Of ASAH ..o 89
DISCUSSION ...ttt ettt e s aee e be e s e e e nse e saseesbeesnseenseesnneans 92
5.1.1 Y= | o O U PRUURTTR 92
5.1.2 ACIA CEIAMIAASE. ...t e 97
5.1.3 Conjugated bile salt hydrolase...........coooiiieiinineeee e 98
APPENDIX .ttt n e n e n e r e neas 101
6.1  Theory of X-ray crystallography ........ccccceccieiiiiiciie e 101
6.2  Crystal mounting in a capillary tube ........c.cooe i, 103
(GG T O V753 =1 W ox oY/ o KT o Yo ] {1 0T PR 103
6.4  X-ray data COIECHION ......cceeiice e e 104
6.5  X-ray data PrOCESSING ...ccceeiieiieiieiteeitecee sttt eee e see e re e te s e sre e s e e e s ne e reeneeens 104
6.6  Circular dichroism spectroscopiCc measurement.........ccccceeeeveeveeieeseesesneenes 104
6.7  SAXS-MELNOUS ..ottt 106
6.8 Homology protein structure modeling and analysis........cccccocevvecvieereceenne. 107

6.9

Channel calculations using CAVER.........cccoviie e 108



7
8
9

REFERENCES...................
CURRICULUM VITAE ......

LIST OF PUBLICATIONS





