Functional characterization of the inverse FBARtaoring proteins
srGAP1 and Carom

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von
Anitha Jeyanthan, geb. Jeganantham
aus Hof (Bayern)

Tlubingen

2015



Gedruckt mit Genehmigung der Mathematisch-Natumvisshaftlichen Fakultat der Eberhard
Karls Universitat Tubingen.

Tag der mindlichen Qualifikation: 13.05.2015
Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatter: Dr. Yvonne Groemping

2. Berichterstatter: Prof. Dr. Thilo Stehle



%/ /72% //ﬂméé



ACKNOWLEDGEMENTS

First, | want to thank my supervisor Dr. Yvonne &rging for this challenging and exciting
research project and for her guidance throughauwélars. | want to thank Professor Dr. Andrei
Lupas for letting me work in his department, fomgea member in my TAC committee and
for his constant support. | would also like to thdhe other members of my TAC committee
Dr. Christian Soellner and Professor Dr. Thilo $&dhbr their invaluable guidance, discussion
and support during critical times.

| would like to thank the members of the Soellresearch group: Horst Geiger, Paolo Panza
and my dear friend Xuefan Gao for teaching me to ktm work with zebrafish, the fruitful
discussions and the nice working atmosphere. Xyuéfank you for always supporting me and
for being a great friend.

Then, | want to thank Dr. Wolfram Antonin for letgj me work in his research group. | am
sincerely thankful to Dr. Nathalie Eisenhardt fatroducing me to the GUV assays. Thank you
for spending your last days at the institute wighping me to improve the assays.

| also want to thank Dr. Matthias Floetenmeyer dundrgen Berger as well as Dr. Christian
Liebig for introducing me to EM and light microsgop

Next, | want to thank Johannes Madlung of the nsgesctrometry facility of the proteome
centre in Tuebingen for analysing my pulldown expents.

| also would like to thank Dr. Aleksander Czogatliathe Hertie Institute in Dresden, who
carried out the initial GUV assays.

| want to thank the International PhD programmerdomtor Dagmar Sigurdardottir for her
support and guidance, especially in my final year.

A big thanks to Reinhard Albrecht and Kerstin Barsetting up the crystallization screens
and to Dr. Marcus Hartmann for trying to solve sireicture of the Carom FBAR domain.

| would also like to thank Dr. Moritz Ammelburg fahowing me how to carry out
bioinformatical analysis and Silvia Wuertenbergeénp introduced me to several new methods
in the lab.

My sincere thanks to Dr.Murray Coles, who measwaéthe NMR experiments, which are a
big part in this thesis.

| would like to thank my RISE internship studentgudh Sharma and Aimee Landry. It was a
great experience to have you here.

Special thanks to luliia Boichenko, Dr. Birte Hendaz-Alvarez, Beatrice Laudenbach and Eva
Sulz for their invaluable friendship and their ciamd support. It means a lot to me.

| want to thank the current and former membersief@epartment | for the nice and enjoyable
working atmosphere. In alphabetical order: Jyotiakta, Vikram Alva, Harshul Arora, Jens
Baller. Professor Dr. Volkmar Braun, Manish Chaullyia Deiss, Mohammed ElGamacy,

v



Carolin Ewers, Dara Foruozan, Adrian Fuchs, Claudggdring, loanna Karamichali, Klaus
Kopec, Mateusz Korycinski, Amit Kumar, Karin LehnmanJoerg Martin, Martin Michelke,
Juthaporn Sangwallek, Franka Scharfenberg, Martinu&ckel, Edgardo Sepulveda, Astrid
Ursinus and Hongbo Zhu.

At the end, | want to thank my family and friené¢ords cannot describe how thankful | am to
my parents, my sister Jenitta and my beloved hukBaganthan, who were always there for
me throughout the good and bad times. Without yeould not have come so far. Thank you
for always supporting me and believing in me.



TABLE OF CONTENTS

1. LIST OF ABBREVIATIONS oo 1
2 AB ST RACT oottt ettt ettt et enean 4
3. INTRODUCGCTION .ot ere e eaeneas S
3.1 NEURONAL DEVELOPMENT ... S5
3.2 THE SLIT-ROBO PATHWAY ... 7
3.2.1 THE SLIT LIGAND oottt 7
3.2.2 THE ROUNDABOUT RECEPTOR oottt 8
3.3 THE DISCOVERY OF THE SRGAP FAMILY oo, 10
3.3.1 THE DOMAINS OF THE SRGAP FAMILY ooveetiieeieeeeeeeeeeeeeeeee 10
3.3.1.1 The SIGAP FBAR GOMAIN.......coveeereteteereeteereeteeeeeeeveeveeteeveereese e ensensesensens 10
3.3.1.1.1 The Classical BAR/NBAR dOMaiN........c..ccoveevueeerieeeeeirreereeereeereesseeneneens 11
3.3.1.1.2 The FBAR AOMAIN......cccoiieerieeeeeeeeeeeceeee et eccteeeerteeeereeeeseeeeseeeesseeensneennns 12
3.3.1.1.3 The I-BAR AOMAIN.......ccouiieerieeeeeeeeeeecetee et et eerae e nr e enaeeeaneas 12
3.3.1.2The SIGAP GAP UOMAIN.....cccourieeeerrrreeeeireeeeeerreeeeeeessreeeeeessreeeeesssseeesenns 14
3.3.1.2.1 The RNOGTPASES.....cceetereeeerreeeeecrteeeeeeireeeeeeraeeeeeessseeeeeesssseseeensneees 14
3.3.1.2.2 The RNOGAP famMly......cccccveiierieiinienenireeeeeeteteieste e se e eee e e saesaeeens 16
3.3.1.3 The SIGAP SH3 dOMAIN.....cccouriiiecrrereeeeiireeeeeereeeeeeenreeeeeeesnreeeeessreeeeennnns 17
3.3.1.4 The sSrGAP C-terminal dOmMaiN.........cooeueeeeeeeirereeeeeireeeeeeirereeeeeneeeeeesnenns 18

3.4 THE FCH AND DOUBLE SH3 DOMAIN FAMILY-ANOTHER

MEMBER OF THE [-FBAR CONTAINING PROTEINS .......cccooovnee. 20

3.4.1 NERVOUS WRECK ..ottt 20
3.4.2 THE HUMAN NWK HOMOLOG-THE FCHSD2 PROTEIN ........... 22
4. GOAL OF THE PROJECT oottt 23
S. CONTRIBUTIONS .ot 24
6. MATERIALS AND METHODS ..o 26
6.1 MATERIALS .ottt enens 26
6.1.1 CHEMICALS AND ENZYMES ..ot 26
6.1.2 USED BACTERIAL STRAINS oo 26
0.1.3 PLASMIDYS oottt 27
6.1.4 OLIGONUCLEOTIDES ..o 28
6.1.5 CLONING VECTORS ettt ettt st saee e e va s vaesanens 28

B. 1.5, L PET 280 et eeeeeeeeeeeeeeeeeeeseseeeeeseaeeeseseeeeseaseseaseeeseeeseeeeeseseeseeeeneas 28
B.1.5.2 PETATDcc ettt ettt e e s e s s e aareeee e e e e s s s s nnsraaaeaeesessssnnnne 29
B.1.5.3 PGEXAT L ... e e e e e e e e e e e s e s e e e e e e e e e e e s e e e e e s e e e eeeens 29
B.1.5.4 PGEXGBPL....... e e e e e e s e e e e e e e e e e 29
6.1.6 MEDIA AND ADDITIVES oo 30
0.1.7 BUFFERS ettt ettt st te st ae s ae st e s e e s e s va e saesanans 30
6.1.7.1 AQAroSe Gel BUFfEL......cccceieeciieeeiieeeeeeetee et tee et ae e vae e e rae e e 30

Vi



B.1.7.2 SDS Gl DU L.ttt e e e e ettt e eeeaeeeeseeeeennensaeeeassaaees 31

B.1.7.3 WESEEIN BlOL...cccueieeeiieieiieecceeeeeieecetreeeette e e ree e teeeeesaee s naeeessaee e saaeennnns 32
6.1.7.4 Buffer for silver staining of SDS-gelS......ccceeeeeeieeeeeceeeeeeceee e 32
6.1.7.5 Buffer for protein purifiCation.........cccuveeeeeeieeeeeeeeiieeeeeceeeeeecree e ereee e 33
6.1.7.5.1 srtGAP1 FBAR domain 21-469HMHMO SAPIENS ......ccccvveeeeeerereeeecnnennn. 33
6.1.7.5.2 srtGAP1 FBAR domain 20-460Ryistionchus pacificus ...........cccecuuueee.. 34
6.1.7.5.3 sST”GAP1 FBAR domain 21-475 of zebrafish........ccccceeevieeniiiennneennns 35
6.1.7.5.4 Purification buffers for GST-taggamteins.........ccceeeeevveeeeeccrveeeeecnreenn. 36
6.1.7.5.5 Carom FBAR dOMAIN......ccccieiriieieiiieieiieeeceeeecteeeeveeessveeessaneessnseeenns 37
6.1.7.6 Buffer for rat brain and zebrafish pulldown............ccccevveeeeciiieeececieeeeens 37
6.1.7.7 Buffers for single and doubtesitu hybridization..........c.ccceeeveeecieeecnveenee. 38
6.2 METHODS oottt 38
6.2.1 METHODS IN MOLECULAR BIOLOGY oot 38
6.2.1.1 Polymerase chain reactiQn...........ccccueeeeeeieeeeeeeiireeeeecreeeeeecnreeeeeenneeeeenns 38
6.2.1.2 RESIIHCHON QIGESL..ueeiieeciiieeeeciieeeeecitteeeeecteeeeeeereeeeeeereeeeeeesaeeeeeesaeaeeenns 39
ST G B W T - (o USSR 40
6.2.1.4 CompeteRt COli CEIIS ...t are e e e 40
6.2.1.5 Transformation in competdtcoli CellS .........eoeeeureeeeeciieeeeecieeeeeeeeee e, 41
6.2.1.6 Preparation of plasmid DNA...........cocciiieeieeeeireeeeeeeecreeeeareeeerreeeeraeeeenas 41
6.2.1.7 Sequencing Of target DNA........ccocveieciieecieeeeieeeeceeeeecreeeeaee e e raeeeeraeeeenas 41
6.2.2 METHODS IN PROTEIN BIOCHEMISTRY ..oveereeieeieeeeeieeereenne 41
6.2.2.1 Overexpression of the protein&irtoli in LB-Medium ........c..ccccvveeuveenneee. 41
6.2.2.2 Overexpression of proteins in MO-Medium.........cccceeeeieeeeiireeccireeecneeennen. 42
6.2.2.3 Purification of 6-His-tagged proteins..........cceccueeeeeveeecieeeciereeecrreeeeveeennes 43
6.2.2.4 Purification of GST-tagged Proteins........ccueeecveeeeceeeecveeeeiereeseeeeeeveeeennns 43
6.2.2.5 Purification of*C and*®N labelled proteins for NMR.........ccccoeeveevevevennenens 43
6.2.2.6 Preparation of nucleotide-free BMBASES.......cccceeeevreeeiereeeireeecreeeeeeeeans 43
6.2.2.6.1 Nucleotide-free RhoGTPases with alkghinesphatase......................... 43
6.2.2.6.2 Nucleotide-free RhoGTPases With EDTA.......ccccceeevieeeeiieeecieeecreeenns 44
6.2.2.7 SDS Polyacrylamide gelelectrophoresis........ccceeecvveeecieeeccireeccrveeecveeenne 44
6.2.2.8 SIIVET StAINING ...ccccvieieeiieeeiieeeiteeeieeeeeteeeeteeeeteeesetaeeeebeeeesseesssasesssseeenns 45
6.2.3 BIOPHYSICAL METHODS ..ottt 45
6.2.3.1 Circular DichroiSmus SPEeCIrOSCARY....cccccuvrreeeeirreeeeeirreeeeecrreeeeeeisreeeeeenns 45
6.2.3.2 Nuclear Magnetic RESONANCE.........c.ueeeeeecveeeeeeereeeeeecreeeeeecrreeeeeeeraeeeeenns 46
6.2.3.3 Crystallography........ccceccueeeeeecireeececcitee e e e eceee e e eeereeeeeeeraee e e e saeaeeenns 46
6.2.3.4 Mass SPECtromMetry analySiS.......cccccvreeeeeiieeeeeeeiireeeeeereeeeeecrreeeeeenseeeeeenns 47
6.2.4 BIOINFORMATICS oottt 48
6.2.5 IN VIVO AND IN VITRO ASSAYS ..ottt 48
B.2.5.1 PUIGOWN.......eeiieeieeecetee ettt et eetre e e reeeevae e e erae e s naaeesnsaee e saseennnns 48
6.2.5.2In-situ hybridization in zebrafish embryQas.........ccceeveeriiiiiccieeccieeccieeeee, 49
6.2.5.2.1 Handling of zebrafish embryos.........ccooveeieeeiieiecceeeceeeeeeeceeee, 49
6.2.5.2.2 Generating template faFvitro transcription..........ccceeeveeeevieeecneeseceeennns 49



6.2.5.2.3 Singlén-situ hybridization............cccveeeeeeiiieeeeeceeeeeccee e 49

6.2.5.2.4 Doubl@n-situ hybridiZation ........c..eeceueeeeiiieeeiieeecieeeeieeeecee e S0
6.2.5.3 ASSAYS With lIPOSOMES.....cccceciiieieeiiieeeccctee et e e e eeeeeeeeeareeeeeesaeeeeeennns 51
6.2.5.3.1 Generating the liPOSOMES.......cccccuvieeeeeciieeeeccteee e ee e e e e naeee e 51
6.2.5.3.2 Co-sedimentation with high speed cemafion..............cccccovveeeennnnnnn. 52
6.2.5.3.3 Negative stain electron MIiCroOSCOQY.....cccuveeeeerrrrreeeeeirreeeeeerreeeeeeinneeeens 53
6.2.5.3.4 Giant unilamellar VeSICIE aSSay......cccceeveeeerurrreeeeieiiieeciiireeeeeeseeeeeenens 53
T RESULTS ottt se s senees 54
7.1 CHARACTERIZATION OF THE SRGAP1 PROTEIN ..o 54
7.1.1 BIOINFORMATICAL CLUSTER ANALYSIS OF THE SRGAP
FAMILY oottt 54
7.1.2 DEVELOPMENTAL AND TISSUE-SPECIFIC EXPRESSION
ANALYSIS OF SRGAPIIN ZEBRAFISH EMBRYOS ..ccoeiviine 59
7.1.2.1 Gene expression pattern analysis in dewgj@ebrafishembryos................. 59
7.1.2.1.1 Expression sfgapl in developing zebrafish embryos......................... 59
7.1.2.1.2 Comparison of the expresp@ttern ofsrgapl with robol-3................... 61
7.1.2.2rgapl co-localizes witlrobol in developing zebrafisembryos................ 66
7.1.3 STRUCTURAL ANALYSIS OF THE SRGAP1 FBAR DOMAIN ........ 70
7.1.3.1 The human srGAP1 FBAR dOMaiN......ccccceeeeeueeeeeieeeeireesireeseneeesneennns 70
7.1.3.2 The SRGAP1 FBAR domain erfistionchus pacificus .........ccccceeveeeeeunnennn. 73
7.1.3.3 The srGAP1 FBAR domain of zebrafiSh.........cceevveevevieeiiiiecciieccieenns 74
7.1.4 FUNCTIONAL CHARACTERIZATION OF THE SRGAP1 FBAR
DOMAIN OF ZEBRAFISH .eeviiieeeeeeeeeeeteeeteeetre e 77
7.1.4.1 The srGAP1 FBAR domain of zébhaco-sediments with negatively
Charged [IPOSOMIES......cc.oouiiiieiieiieieeeee ettt 77
7.1.4.2 The srGAP1 FBAR domain of zébhaeleads to indentations of charged
[POSOMES.....eeiiiiiieieteeete ettt st e e st e s st e e s sabeessbaessssseessssaaenns 79
7.1.4.3 The srGAP1 FBAR domain of zébhacauses invagination of giant
Unilamellar VESICIES.......oouiiruiieiieeeeeeeeete ettt 80
7.1.4.4 Time-dependent invagination of GUVs bysh@AP1 FBAR domain....... 81

7.1.5 COMPARISON OF THE BINDING SPECIFICITY OF THE
HUMAN SRGAPT GAP DOMAIN AND ITS ZEBRAFISH

HOMOLOG TO THREE MEMBERS OF THE RHOGTPASES ............... 83

7.1.5.1 The human srGAP1 GAP domain binds to tmeamCdc42, but not to
human RhOA and RACL.......ccceieeiiieeieecieeeetee et et e vee e ceaeeeeaee e 83

7.1.5.2 The human srGAP1 GAP domain is active aoceases the intrinsic
hydrolysis rate of the human CACAZ........ccccueeeeeeciveeeeeeeeeeecree e 87
7.1.5.3 The zebrafish srtGAP1 GAP donraineases the intrinsic hydrolysis rate
athe ZeDrafish CACAZ......ueeeeeeeeeeeeeieeeeeecieeeeee e e e eeeaeeeeeeeraae e e e naeeeeenns 91
7.1.5.4 No effect observed on the intrinsic hydsactivity of the Cdc42 proteins
iN crosmganisnFiP-NMR MeEaSUrEMENLS.....uuveeeereeeeeerrerereeeeeeeeeesesnenneeees 95
7.1.5.5 Mapping of the srtGAP1 GAP damizinding sites on the homologous

CACA2 PrOtEINS....ueieeeiieeeieeerteeeeiteeeste e e eteessreessssteessaseesssaesssssaessssaesnns 96

VIl



7.1.5.5.1 Mapping of the human srGAFAP domain binding sites on the
AUMAN CACAZ...ccneiieiieietteeteerte ettt e s re e e s sae e s aeas 97
7.1.5.5.2 Mapping of the zebrafisBAP1 GAP domain binding sites on the
ZeDLrafisSh CACAZ....oooviieeeeeteeeeeete ettt sr e s sare e 99
7.1.6 POSSIBLE NEW INTERACTION PARTNERS FOR THE HUMAN
SRGAP1 PROTEIN AND ITS ZEBRAFISH HOMOLOG ................. 103
7.1.6.1 Prediction of protein bindingtifs in the human srGAP1 C-terminus.. 103
7.1.6.2 Rat brain pulldown with the amsrGAP1 C-terminus hints possible

NEW INLEIACHION PAMNELS........coveeeeeeereeeieeeeceete ettt ettt esesesesteseseas 105
7.1.6.3 Prediction of protein bindingtifs in the C-terminal domain of the
ZebrafisSh STIGAPL......ccuiieieeceeeteeteeeeete ettt st sre e sre e s ae e aaessaneens 110
7.1.6.4 No relevant hints for potentéraction partners for the zebrafish srtGAP1
CLBIMINUS....eteiiteeiteeieeete ettt et e st et e s e e s sse e s ae e s st e s st e sssaesanas 111

7.2 STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF THE

FBAR DOMAIN OF THE HUMAN CAROM PROTEIN ..o, 114
7.2.1 BIOCHEMICAL CHARACTERIZATION OF THE FBAR DOMAIN
OF THE HUMAN CAROM PROTEIN ..ot 114
7.2.1.1 Purification and biochemicahlgsis of the FBAR domain of the human
(@8 T(0] 3 1 1 o] 0] (=1 [ VUSSR 114
7.2.1.2 First crystals for the human Carom FBAR dm...........ccccccveeeeneenenneen. 117
7.2.2 MEMBRANE DEFORMING ACTIVITY OF THE HUMAN CAROM
FBAR DOMAIN Lottt ettt ettt 121
7.2.2.1 The Carom FBAR domain induazglgping of giant unilamellar
VESICIES ...eiieeitieieeteet ettt ettt et s bt e sttt s e e s ne e e 121
7.2.2.2 The Carom FBAR domain bindgiemt unilamellar vesicles.................... 122
7.2.2.3 Time-dependence of the defaomaif giant unilamellar vesicles by the
CaroBAR JOMAIN..........coveuerreeieieeeteeeee et sae s s s st esesae s sassenas 124
8. DISCUSSION .ottt es 126
8.1 SRGAPI 1S EXPRESSED IN NEURONAL TISSUES OF ZEBRAFISH
EMBRYOS ettt 126
8.2 THE SRGAP1 FBAR DOMAIN BELONGS TO THE INVERSE FBAR
SUBEFAMILY .ot 127
8.3 THE SRGAP1 GAP DOMAIN BINDS TO THE RHOGTPASE CDC42
AND INCREASES ITS INTRINSIC HYDROLYSIS RATE ..o 132
8.4 POTENTIAL NEW PATHWAY INVOLVEMENTS FOR THE SRGAP1
PROTEIN oottt 134
8.5 OUTLOOK ..ottt ene e 138
9. REFERENCES ..ottt ettt st ee s 139



1. LIST OF ABBREVIATIONS

A

A

Aa

A. dest.
APS
3-DDM
BA

bp
BDNF
BDT
BSA

°C
CaCh
C.elegans
Ca(OA
CD
Cdc42
CNS
comm
C-term
Da

DiD
DNA
Dnase
dNTP

E. coli
EDTA
EGF
etal.

FB
FBAR
FISH

fw

GAP
GEF
GDI
GppNHp
GTP/GDP
GTPase
h

HB
HsH. sap.
HEPES
hpf
HSQC

Ampere

Angstrém

Amino acid

Distilled water

Ammonium persulfate

n-Dodecylp-D-maltoside

Branchial arches

Base pair

Brain-derived neurotrophic factor

Big Dye Terminator

Bovine Serum Albumin

Celsius

Calcium chloride

Caenorhabditis elegans

Calcium acetate

Circular dichroism

Cell division control protein 42 homolog

Central nervous system

Commissureless

C-terminus

Dalton

Dicarbocyanine

Deoxynucleic acid

Deoxyribonuclease

deoxynucleoside triphosphate

Escherichia coli
Ethylenediaminetetraacetic acid
Epidermal growth factor

et alii

Forebrain

FCH Bin-Amphiphysin-Rvs
Fluorescenin-situ hybridization

Forward

GTPase activating protein

Guanine exchange factor

Guanine nucleotide dissociation inhibitor
5'Guanylyl imidodiphosphate
Guanosine triphosphate/Guanosine diphosphat
Guanosine triphosphatase

Hour

Hindbrain

Homo sapiens

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Hours post fertilization

Heteronuclear Single Quantum Coherence



IMAC Immobilized metal ion affinity chromatography

IPTG Isopropyl-R3-D thiogalactopyranoside

K Kilo

kDa Kilo Dalton

L Liter

LB Lysogeny broth

LRR Leucine-rich repeat

M Molar

MABT Maleic acid buffer containing Tween 20
MAD Multi-wavelength anomalous diffraction
MB Midbrain

MgCl2 Magnesium chloride

MHB Mid-hindbrain boundary

mM Millimolar

Min Minute

M. mus Mus musculus

M Micro

MRNA Messenger RNA

MS Mass spectrometry

N Nano

NBT-BCIP Nitro-blue tetrazolium chloride and 5-bromo-4-clae3’-indolyphosphate p-toluidine salt
NaCl Sodium chloride

NaOAc Sodium acetate

Ni-NTA Nickel nitrilotriacetic acid
NMR Nuclear Magnetic Resonance
N-term N-terminus

Nwk Nervous Wreck

OB Olfactory bulb

OE Olfactory epithelium

OP Olfactory pit

PBS Phosphate buffered saline
PBST Phosphate buffered saline with Tween 20
PS Phosphatidylcholine

PCR Polymerase chain reaction
PCW Post conception week
PDB Protein data base

PE Phosphatidylethanolamine
PEG Polyethylene glycol

PEP Posterior error probability
PF Pectoral fin

PFA Paraformaldehyde

pH Potentia Hydrogenii

Pl Phosphatidylinositol

PI1(4,5 B  Phosphatidylinositol-4,5-biphosphate
PMSF Phenylmethansulfonylfluoride
PP Pristionchus pacificus



PS
R2/R3
RNA
RhoA
Robo
RT

rv

S cer.
SC
SDS

Phosphatidylserine

Rhombomere 2/3

Ribonucleic acid

Ras homolog gene family, member A
Roundabout receptor

Retina

Reverse

Saccharomyces cerevisiae

Spinal cord

Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide-gelelektragiscs

Sec
SeMet
SH2
SH3
SHH
SLS
SIGAP
SVZa
T

Tab
TAE
TEMED
TeO
Tris

U

uv

\Y

VZ

W

WT
WW

Second

Selenomethionine

Src Homology 2

Src Homology 3

Sonic hedgehog

Swiss Light Source

Slit-Robo GTPase activating protein
subventricular zone

Tail

Table

Tris-Acetate-EDTA

N, N, N’, N’-Tetramethylethylendiamine
Tectum

Tris(hydroxymethyl) aminomethan
Unit

Ultra violet

Volt

Ventricular zone

Watt

Wwild type

Domain with two conserved tryptophans



2. ABSTRACT

The Slit-Robo GTPase activating protein family (&%) consists of four members and are
important multi-domain adaptor proteins, which iaslved in axonal pathfinding and various
other neuronal processes. This thesis explorefutigtion of the human srGAP1 protein as
well as its zebrafish homolog in three ways: 1)neixéng of the membrane deforming activity
of the FBAR domain, 2) analysing the specific attiof the sSrtGAP1 GAP domain towards
three members of RhoGTPases, and 3) identifyingrpiail novel interaction partners for the
SrGAP1 protein with the intention to determine rgathway involvements for the protein.

The work presented in this thesis shows that tAB1 FBAR domain can induce vesicle
deformation in vesicle-bas@advitro assays. Compared to the results of another FBARado
containing protein, the Carom protein, the srGABAR domain is less potent in inducing
invaginations of giant unilamellar vesicles. Botbtgins do not induce formation of tubules as
seen for classical FBAR domains, but lead to invagpns of the vesicles. Based on these
results both proteins can be assigned to the dgdenind inverse FBAR subfamily. This work
also measures the intrinsic GTP hydrolysis acceteyactivity of the srtGAP1 GAP domain
with different NMR approaches. A comparison of fiI6AP1 GAP domains of human and
zebrafish showed species-specific interaction ®ile42. Cross-interactions between the GAP
domains and Cdc42 from different organism, nameiynén and zebrafish, was observed to a
low extent. Finally, this work identifies possibiew interaction partners for the srGAP1
protein with mass spectrometry analysis, whichdath that the srTGAP1 protein might have a
more complex and diverse role than assumed so far.

Die Slit-Robo GAP Proteinfamilie besteht aus viertgiledern und ist an der Slit-Robo
vermittelten repulsiven Wegfindung von Axonen ureiteren neuronalen Prozessen beteiligt.
In dieser Arbeit wurden die Domanen des humaneABdEProteins sowie dessen Homolog
aus Zebrafisch funktionell untersucht. Es wurde rdembranbindende Aktivitat der FBAR
Domane mit einem auf Vesikeln basierendenitro System analysiert. Weiterhin wurde die
Affinitat der srGAP1 GAP Doméane zu drei Mitgliedeter RhoGTPase-Familie mit
verschiedenen NMR-Methoden untersucht. Fur die Saelch neuen Interaktionspartnern fur
SrGAP1 wurde ein GST-Pulldown Experiment mit des Bato wenig charakterisierten C-
terminalen Doméane des Proteins durchgefihrt.

Die Ergebnisse dieser Arbeit zeigen, dass die FBA&nane von srGAP1 aktiv zur
Deformierung von Vesikeln fuhrt. Untersuchungen @nem weiteren FBAR-Domane
enthaltenden Protein, dem humanen Carom Proteiigerzejedoch eine schwachere
Deformierungsaktivitat der srtGAP1 FBAR Domane. Diteraktion beider Proteine mit den
Vesikeln fuhrt jedoch nicht zur Bildung von Tubuleme bei klassischen FBAR-Domaéanen,
sondern zu deren Einstilpung. Deshalb kdnnen Waidieine aufgrund der hier vorliegenden
Ergebnisse zu der neuen Unterfamilie, den InveFBAR-Domé&nen gezahlt werden. Die
srGAP1 GAP-Domane zeigt eine starke Affinitdt zu BBoGTPase Cdc42. Diese Affinitat
wird auch fir die homologen Proteine aus Zebrafibebtatigt und weist daher auf eine
entwicklungsgeschichtlich konservierte Interaktibm. Die vorlaufigen Ergebnisse von
Pulldown-Experimenten zur Identifizierung neuerehaktionspartner liefern neue Hinweise
auf die Beteiligung von srGAP1 an anderen Signadaaktionswegen und weisen somit auf
eine weitaus komplexere Rolle fir das Protein hin.



3. INTRODUCTION
3.1 NEURONAL DEVELOPMENT

The human brain is a complex network of intercoteeaeurons, which are important for the
processing and signalling of information. The dinoe of a neuron is presented in Fig. 3.1 A.
A neuron is divided into three sectors: the deedrithe cell body (soma) and the axons.
Dendrites are the primary target for synaptic infyotn other neurons. They forward the
incoming signal to the axon hillock, which combirakincoming inputs and transmits them
to the axon. After reaching the presynaptic sidedignal is transferred to the next neuron.
Axons, which are not synaptically interconnecte@ guided through their growth cone to
their synaptic target (Purves et al., 2008). Thenaxend into the growth cone, which can be
divided into three zones: the central domain, thedition zone and the peripheral domain
(Fig 3.1 B). The central domain contains bundlem@rotubules, which come from the axon
shaft. The actin arcs in the transition zone fornmg from which the long actin filaments of

the peripheral domain originate and form filopodral F-actin networks.

(") | (B)
dendrite central domain
\ \ microtubule
nucleus
soma/cell bod transition zone
)\ F-actin arc
actin network \\ /
axon hillock — : \

F-actin bundle

lamellipodium

axon/neurite—— / |
peripheral domair

growth cone

filopodium

Fig. 3.1: Schematic representation of a neuron

A) The cell body (soma) of a neuron contains theleus. Dendrites are the primary target for symajput from other
neurons. The axon originates in the axon hillock germits signal transmission over long distanddse growth cone
contains bundles of microtubules and actin insiohg, directs the axon to its synaptic target.

B) The growth cone can be separated into three zoml®s central domain (white), the transition zqgesen) and the
peripheral domain (purple). The central domain amst bundles of microtubules, which come from tkenashaft. The
transition zone contains a ring of actin arcs. Peepheral domain has long bundles of actin filateewhich form the
filopodia and the F-actin networks, which leadHe tamellipodial structures (modified, Lowery andiwWactor, 2009).

The growth cone explores the environment and détesrthe direction of the axon growth
and the recognition of the target. This proces®iisied migration, an ubiquitous feature of
development, which guides cells to their approprigiatial relationships. The motility of the

J



growth cone reflects modulation of the actin androtubule cytoskeleton through different
signalling mechanisms, which involve changes initiiecellular C&" concentration (Purves
et al., 2008). Adhesive, chemotropic, chemo-repalsand trophic molecules lead to the
response of the growth cone. These molecules cdaupel in extracellular matrixes on cell
surfaces or are secreted to diffuse in extracellsg@ces (Fig. 3.2). They ensure that axon

pathways are formed from one structure to anothel mappropriate connections are

prevented.
Adhesive substrate-bound cues:
“The road’
- CAM (cadherins and LRR) Repellent cue:
- ECM (laminin and fibronectin) ‘The guards’
- Slits and ephrins

\

Attractive cue:

“The road signs’
- Netrins and semaphorins
- Morphogens and growth factors

Fig. 3.2: Theway of a growth cone

The growth cone encounters many different typemues in its environment. It travels on a ‘roadttisamade of adhesive
molecules, that are either directly on a cell stefdor example, transmembrane cell adhesion mige¢GCAMs) or
assembled into a complex extracellular matrix (EClgh) example laminin. Repellent molecules such iés chn prohibit
growth cone advance and thus provide the guardsiétarmine the road boundaries. Diffusible cheopitr cues present
further instructions to the growth cone and includgous diffusible chemotropic molecules such etsins as well as
morphogens such as Wnt, sonic hedgehog (SHH) awalgor neurotrophic factors (such as brain-derivedrotrophic
factor (BDNF), secreted transcription factors 6—8 aaurotransmitters (modified, Lowery and Van Vac2909).

There are four families of guidance cues, netrgesnaphorins, ephrins and slits, which are
divided into attractive and repellent guidance cud®e following chapter gives insight into

the repellent guidance cue Slit and its involvenvatt the Roundabout (Robo) receptor.



3.2 THE SLIT-ROBO PATHWAY

In the central nervous system there are two difteiaterneuron groups described: the
association neurons and the commissural neuronsocfgion neurons project axons
ipsilaterally and never cross the midline, whereasnmissural neurons send the axons
contralaterally and form a commissure across th#ime. The latter mentioned neurons need
repulsive guidance cues to cross the midline (Lenhgl., 2004). IrDrosophila the midline
repellent, which expels commissural axons and ptsvéhem from re-crossing, is the Slit
ligand. Slit mediates repulsive effects through Reundabout receptor family (Kidd et al.,
1998; Kidd et al., 1999). Robo receptors are kepayafrom the axon surface by the
commissureless protein when the commissural negrows towards the midline. In the
moment it crosses the midline, the inhibition ofblRas removed and the Robo proteins are
expressed at the surface of commissural growths;omeich then sense the Slit repellent and
expel them from the midline (Fig. 3.3) (Kidd et, d1998).

(A) midline (B) midline
active Robo
high concentration

comm
Off

comm
On

inactive Robo
low concentration

Fig. 3.3: Model for Slit-Raobo function in midline crossing

The commissureless (comm) protein is the switchchvibontrols the midline crossing. When comm is(aj the level of
the Robo protein is low (grey) and allows crossifigeurons. Once it crosses the midline, comm isedroff and the level
of Robo is increased (blue), thus inhibiting recirmg¢B) (modified, Keleman et al., 2002).

321 THE SLIT LIGAND

Drosophila dit was identified in a screen for embryonic pattegniand defects in

commissural axon pathfinding (Hummel et al., 199@gsslein-Vollhardt et al., 1984; Seeger
et al., 1993). Invertebrates contain a single 8litereas vertebrates have three homologous
proteins, Slitl, Slit2 and Slit3 (Dickson et alQ0B). The hallmark of the Slit proteins is a

tandem of four leucine-rich repeats (LRR) at théeNwninus, termed D1-D4. This region is
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followed by six epidermal growth factor like domsi(EGF), a laminin G-like domain (either
one in invertebrates or two in vertebrates), E&E-lomains and a cysteine knot domain at
the C-terminus (Fig. 3.4).

D1-D4 EGF EGF CT

Fig. 3.4: Domain composition of the mammalian Slit protein

Schematic drawing of the mammalian Slit proteine Tleavage site of Slit is indicated with a blaicke] Abbreviations: D1-
D4: Leucine-rich repeat domains, EGF: epidermaimjnofactor like, LG: laminin G-like domain, CT: Crtainal cysteine
knot domain (modified Hohenester et al., 2008).

3.2.2 THE ROUNDABOUT RECEPTOR

Robo is highly conserved in different species, réiga its sequence and function (Kidd et al.,

1998). Caenorhabditis elegans has a single Robo protein (Sax-B)rosophila has three
(Robol, Robo2 and Robo3) and vertebrates have Rmbo receptors (Robol, Robo2,
Robo3/Rig-1 and Robo4/Magic Roundabout). All Roboeptors, except Robo4, share the

same domain architecture (Fig. 3.5), containing fmmunoglobulin-like

domains (IG), three fibronectin type 3 repeats (FBBd four cytosolic
1G1-5 v domains. The cytosolic domains are poorly consenmsides some
vl | conserved linear motifs (Hohenester et al., 2008ese motifs named

«

CCO0-CC3, can occur in different combinations infet#nt Robos
(Dickson et al., 2006). Previous studies in differembryonic stages of
rats, mice, zebrafish embryos and human foetupest (&l., 2011; Lee et
al., 2001) showed that albbo receptors exceptobod are expressed in
the developing nervous system (Tab. 3.69bo4, however, shows
expression mainly in endothelial cells (Huminieekial., 2002; Okada et
al., 2007).

Fig. 3.5: Domain composition of the mammalian Robo receptor

Schematic drawing of the mammalian Robo receptore TEgtosolic domain is mainly
unstructured, containing four motifs, here shownsasares, and labelled with CCO-CC3.
Abbreviations: IG1-5: Immunoglobulin like domain51{brown), FN1-3: fibronectin type 3
(blue), CCO0-3: cytosolic domain CC0-CC3 (bisque) (medifHohenester et al., 2008).



Tab. 3.1: Expression pattern of Robo receptorsin mice, rats, zebrafish embryos and human fetuses

EXPRESSION
PATTERN
OF ALL
ROBO
RECEPTORS

ZEBRAFISH MICE RATS HUMAN
hindbrain cortical plate striatum cortical plate
cranial ganglia subventricular zone | cortex subventricular

olfactory system

visual system

spinal cord

somites

fin buds

intermediate zone

corticospinal axons

dorsal thalamus

developing
hippocampus

roof of midbrain

spinal chord

olfactory system

hippocampus

thalamus

hindbrain

olfactory
system

Zzone

intermediate
zone

corticospinal
axons

All four genes show similar expression patternsx@uronal tissues of different organisms,

indicating a conserved expression pattern.

Besides their function as repulsive cue both $iit Robo are involved in neuronal migration,
cell death, angiogenesis and also have a roleeirdévelopment of different organs, such as
kidney, lungs or liver (Avci et al.,, 2004; Grieshawer et al., 2004; Xian et al., 2004).
Recently, it was shown that the Slit Robo GTPaseattng family 1 (srGAP1) protein binds
to the cytosolic domain CC3 of the mammalian Robeeptor and leads to Slit-dependent
inactivation of the RhoGTPase Cell division cyck(€dc42) (see chapter 3.3) (Wong et al.,

2001).



3.3 THE DISCOVERY OF THE SRGAP FAMILY

The srGAP family consists of three members, srtGARPGAP2 and srGAP3. All members
are multi-domain containing proteins, consistingafBAR, GAP, SH3 and C-terminal
domain. Figure 3.6 shows a scheme of the multi-dorpeotein with the sequence identities

of all members.

FBAR GAP SH3 PxxP
1 — R — — @ — B 10%
70-79 % 67-78 % 86-96 % 30-40 %

Fig. 3.6: Domain composition of the srGAP family

The srGAP family contains a FBAR domain, a GAP dimma SH3 domain and a C-terminal domain. The
sequence identities between the three memberseoSiBAP family vary between 70-79 % for the FBAR
domain, 67-78 % for the GAP domain, 86-96 % for 83 domain and 30-40 % for the C-terminus, coinagin
PxxP motifs.

Recently, a new member was added to the srGAP yaanl the basis of its function,
ARHGAP4, also termed srtGAP4. ARHGAP4 has the saamaih composition, though the
sequence identity between the domains is low: FRiSRain 46-48 %, GAP domain 53-
59 %, SH3 domain 55-56 % and the C-terminus 8-11 %.

3.31 THE DOMAINS OF THE SRGAP PROTEINS

3.3.1.1 The srGAP FBAR domain
The srGAP FBAR domain belongs to the BAR superfgmithich not only induce membrane

deformation, but link the membrane to the cytodkelethus becoming regulators of cell
morphology and function (Lee et al., 2007; Scitalet2008; Suetsugu et al., 2006; Tsujita et
al.,, 2006; Yamagishi et al., 2004). The BAR supeifa can be divided into three
subfamilies: the classical BAR/N-BAR proteins, ther-CIP4 Homology (FBAR) proteins
and the inverse BAR (I-BAR) proteingn Fig. 3.7 the characteristic curvature of each

subfamily is displayed.
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Fig. 3.7: The BAR domain superfamily

Structures of the three subfamilies of the BAR sugmitfy: the Amphiphysin N-BAR domain (PDB: 1URU, Pesdral.,
2004), the FBP17 FBAR domain (PDB: 2EFL, Shimada .et28007) and the IRSp53/missing-in-metastasis |-BARain
(PDB: 1Y20, Millard et al., 2005). The membrane-fingd surface is directed to the bottom, emphasizhg classical
banana-shaped appearance of the BAR domain andffieick characteristic curvature of the FBAR arBAR domains
(Moravcevic et al., 2012).

3.3.1.1.1 The classical BAR/NBAR domain

The classical BAR domain consists of three antajpelra-helical bundles in each monomer,

which form crescent-shaped dimers, consisting ofi-Belices (Suetsugu et al., 2009).

Positively charged residues can be found on theassnsurface of the BAR domain, which

allows it to directly interact with negatively clga@d PI(4,5)P containing membranes via

electrostatic interaction (Fig. 3.8). It has beeparted that the dimers oligomerize to induce
membrane invagination (Itoh et al., 2005; Shimada.e2007).

cytosol cytosol

BAR domain
BAR domain

+ T+

lipid bilayel
ipid bilayer lipid bilayer

Fig. 3.8: Schematic models for membrane defor mation by BAR domains
BAR domains bind to the negatively charged membraitte thveir concave surface through electrostatierattion and lead
to membrane invaginations, like caveolae or clatenated pits.

The N-BAR domains contain an additional N-termiaaiphipathica-helix, which can insert
into the membrane, thus increasing membrane cue/élioh et al., 2006). Various proteins,
which contain a BAR or N-BAR domain, such as ampigin or endophilin, have been

11



implicated in membrane deforming activities relatedgsynaptic vesicle formation (Di Paolo
et al., 2002; Schuske et al., 2003).

3.3.1.1.2 The FBAR domain

FBAR domains contain a FCH domain which is followsda coiled-coil domain. This C-
terminal coiled-coil domain has been predicteddld fin a similar way to BAR domains
(Frost et al., 2007). FBAR dimers consist ai-Belices and are longer and shallower curved
in comparison to “classical” BAR domains, thougkyttstill exhibit the banana-shaped form.
This difference in length and curvature of the FBédtnain, leads to a larger diameter of the
induced tubules (Henne et al., 200n)vitro assays with FBAR domains showed deformation
of liposomes (Couthino-Budd et al., 2012; Hennalgt2007). To understand the ability of
the FBAR domains to induce membrane tubules, strakcinformation of the protein have
been combined with cryo-electron microscopy (Fretstl., 2008; Shimada et al., 2007;).
These studies report that FBAR dimers can bind thigir tips end-to-end and form strings of
oligomers (Fig. 3.10). Most of the FBAR containipigpteins, like formin-binding protein 17
(FBP17) or Cdc42-interacting protein (CIP4), areoined in endocytosis, regulation of the
actin cytoskeleton and signalling (Itoh and De Qan2i006).

3.3.1.1.3 The I-BAR domain

I-BAR domains contain three anti-paraliehelices, like classical BAR domains. But instead
of the familiar banana-shape, I-BAR domains showeppelin-shaped appearance, with
positive amino acids located on their convex sw@féilillard et al., 2005). Hence, this
subfamily was named inverse BAR (Fig. 3.9).

cytosol cytosol

I-BAR domain
I-BAR domain

+ T4 + * +

lipid bilayer

lipid bilayer

Fig. 3.9: Schematic modelsfor membrane defor mation by 1-BAR domains
I-BAR domains bind to the negatively charged membravith their convex surface through electrostatic
interaction and lead to membrane protrusions, ssdilopodia or lamellipodia.
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In contrast to BAR and FBAR domains, I-BAR domainduce filopodia-like membrane
protrusions (Mattila et al., 2007; Millard et &2005; Saarikangas et al., 2008; Saarikangas et
al., 2009). Figure 3.10 shows the putative mechamthow the BAR/FBAR/I-BAR dimers
deform membranes. BAR/FBAR dimers bind to the sigfaf the membrane, while I-BAR
dimers are predicted to bind to the inner sidehef protruding membrane. This theory has

been confirmed with the help of molecular dynanmewdations by Yu and Schulten in 2013.

(A) (B)

BAR/FBAR domains I-BAR domains

Fig. 3.10: Putative mechanism of membrane defor mation for BAR, FBAR and I-BAR domains

(A) The BAR/FBAR dimer spiral is located on the suefad the invaginating membrane. The end-to-endact®n between
the homo-dimers can be observed. This interacteilithtes the sensing of the membrane curvati&eThe I-BAR dimer
binds to the inner surface of the protruding memér@nodified, Suetsugu et al., 2010).

Little was known about the FBAR domains of the sRs#amily until recently. Studies from
the Polleux lab showed for the first time, that #1I6AP2 FBAR domain leads to outward
membrane protrusions and thereby negatively reggilateuronal migration and induces
neurite outgrowth and branching. It was also shdlat methylation of sSrGAP2 plays an
important role in cell spreading and cell migrati@uo et al., 2010). Studies on the srGAP3
FBAR domain indicated that it has an inhibitoryeeff on actin dynamics specifically on
lamellipodia formation (Endris et al., 2011). InsZdfibroblasts, expression of the full-length
FBAR domain of srGAP2 and srGAP3, induce filopddianation. The deletion of the last 49
amino acids abolishes the effect, though the proigistill located at the cell membrane
(Carlson et al. 2011; Guerrier et al., 2009). A en@cent study, provided the information that
the FBAR domains of the three srGAP family memb&rtew a diverse ability to induce
filopodia-like protrusions in neuronal and non-ranal cells. The FBAR domain of srGAP3
induces filopodia in Cos7 cells and in cortical mucells, though less potent than the FBAR

domain of srGAP2. The FBAR domain of srGAP1 thougtevents filopodia formation in
13



cortical neuron cells and reduces plasma membrgnandics. Overall, all results obtained
until now point to a unique function of the FBARmdains of the srGAP family through their
ability to control membrane deformation (Couthinoel8 et al, 2012).

3.3.1.2 The srtGAP GAP domain

The srGAP GTPase activating protein (GAP) domailorigs to the RhoGAP family as it
binds and inactivates small GTPases by increabieig intrinsic GTP hydrolysis rate (Schulte
and Der, 2006).

3.3.1.2.1 The RhoGTPases

RhoGTPases are a distinct subfamily in the supelfaoh Ras-related small GTPases. They
are known for their role in actin cytoskeleton riaggon, cell growth and differentiation as
well as endocytosis (Moon and Zheng, 2003; Thrdaégial., 1997). So far, 22 human
members for the RhoGTPase family have been idedtifWennerberg and Der, 2004).
Cdc42, RhoA and Racl are the best characterizedoersnof this GTPase family (Etienne-
Manneville and Hall, 2002). Racl has been showiedd to the formation of lamellipodial
protrusions through actin networks, Cdc42 formanfiéntous actin bundles, which regulate
filopodia formation and RhoA leads to actin depodyrsation (Hall et al., 1994). GTPases act
in general as binary switches by cycling betweeraetive and inactive state. In the active
state, guanine triphosphate (GTP) is bound to thEB&Se. This leads to the association with
downstream effectors, which then activate a rarfiglvwnstream signalling cascades (Bishop
and Hall, 2000; Burridge and Wennerberg, 2004). im@urthe inactive state guanine
diphosphate (GDP) is bound. The cycle is reguléed@&TPase activating proteins (GAPS),
which increase the intrinsic GTP hydrolysis ratehef GTPase, and guanine exchange factors
(GEFs), which exchange the bound GDP to GTP. Geanutleotide dissociation inhibitors
(GDIs) bind to prenylated GDP-bound GTPase to cbiitre cycling between the membranes
and the cytosol (Schmidt and Hall, 2002) (Fig. 3.11
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effector GDI
GDP/GTP
GEF

Fig. 3.11: General regulation of RhoGTPases by GEFs, GAPsand GDIs

The RhoGTPases are activated by the GDP/GTP exchwitiy¢he help of GEFs (pink) and inactivated bg #iccelerated
GTP hydrolysis by GAPs (yellow). The switch fromt@sol to membrane or vice versa is regulated by S5{@reen),
(modified, Cherfils and Zeghouf, 2013)

All RhoGTPases are composed of six-stranflesheets, which are surrounded by five
helices, referred as G-domain (Cherfils and Zeghd@l3). They contain a guanine
nucleotide binding site, which recognizes the goariase with the N/TKXD motif, in which

X stands for any amino acid. TReandy-phosphate interact with the phosphate binding loop
(P-Loop). Various motifs around these specific oegi are also involved in the GTP
hydrolysis reaction, for example Switch | and Switt (Cherfils and Zeghouf, 2003; Vetter
and Wittinghofer, 2001). In Fig. 3.12 human Cdc4ghwbound GDP is shown as a
representative of the three most described mendfdgrss GTPase family. The main binding

sites are highlighted.

Fig. 3.12: Crystal structure of human GDP-bound Cdc42
Ribbon representation of the human Cdc42 with boGBdP. Switch | (residues 30-38) is highlighted ight
blue, Switch Il (residues 57-72) is shown in dahieh the P-loop (residues 9-16) is presented inamdl the
bound GDP in yellow (PDB: 1GRN, Nassar et al., 1998
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The regulator GEF and GAP proteins are supposéihtbto the Switch I/ Switch Il region
and stabilize this region (Hakoshima et al., 200@)ereas the nucleotide binds near the P-

Loop and is surrounded by the switch regions.

3.3.1.2.2 The RhoGAP family

GTPases have a very slow intrinsic GTPase actiwitych is accelerated by its specific GAP
protein. GAPs are abundant in eukaryotes rangiog fyeast to human. Human genome
analysis resulted in 80 RhoGAPs, which outhnumberRhoGTPases comprising 20 members
(Moon and Zheng, 2003). This suggests individuéésdor the members of the RhoGAP
family, while regulating specific RhoGTPases initlaetivity and function. RhoGAP proteins
consist of ninex-helices (Gamblin et al., 1998) and negatively faguthe biological activity
of RhoGTPases. Some down-regulate their specific@Pase, while others facilitate the
effective cycling of RhoGTPases between the GTH-the GDP-bound conformation. It is
proposed that GAP actively participates in the GWy@rolysis process by contributing a
catalytic residue to the active site (Scheffzelalet 1998). An important step in solving the
mechanism of the GTPase accelerating process aamestudies using aluminium fluoride
(AIFx). AlFx (x represents either aluminium trifluoride (x=3) aluminium tetrafluoride
(x=4)) has been suggested to activate heterotrint@&proteins in their GDP-bound inactive
state by binding into the-phosphate pocket (Chabre et al.,, 1990). This lngsi$ was
confirmed by crystal structures ot@IFx complexes. The data supported the idea that GDP-
AlFx mimics the transition state of the GTPase reactidns gives more insight into the
mechanism of most GAPs. The formation of a stali®&%e/GAP complex in the presence of
GDP and Alk is used as a reference assay to demonstrate tiidyaof a GAP domain
(Mittal et al., 1996; Wittinghofer et al., 1997)h@ studies revealed that the GAP domain
contains a highly conserved arginine residue, wistdbilizes the GTPase stimulation by
inserting the arginine residue into the active @&amblin and Smerdon et al., 1998; Kosloff
and Selinger, 2001; Scheffzek et al., 1998; Vedtat Wittinghofer, 2001). The GAP domain
positions the crucial residue GIn61/GIn63 (in Rhoé) the RhoGTPases towards a
nucleophile water molecule, which hydrolyses GTRI aeutralizes developing negative
charges on the leaving group during the phosphoayisfer reaction (Ahmadian et al., 1997;
Nassar et al., 1998). This has been confirmed withation approaches (Li et al., 1997,
Nassar et al., 1998). Three binding sites are roeati in the literature for the RhoGAP
domain: the Switch I, the Switch Il and the P-Laegion (Dvorsky et al., 2004; Moon and

Zheng, 2003).
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A previous study in HEK cells reported, that srGA&decifically inactivates Cdc42 and
RhoA (Wong et al., 2001), whereas srGAP2 and 3tivete Racl (Guerrier et al., 2009;
Soderling et al., 2002). ArhGAP4 can act on botlc42dand Racl (Vogt et al., 2007).
Structurally the srGAP GAP domains are assumedetemble classical GAP domains,
containing ninea-helices, packed together in an anti-parallel ayeament (Dvorsky et al.,
2004). In Fig. 3.13 a model of the regulation & RhoGTPases by the srtGAP GAP domain

is shown.

GAP

l
T\

GTP-RhoGTPase . GDP-RhoGTPase

N-WASP
GEF

Arp 2/3 complex

5

actin polymerization
Fig. 3.13: Model for theregulation of the RhoGTPase activity by the sr GAP GAP domain
Activation of the GAP domain leads to the inactivatof the RhoGTPase through the increasing inti®&IP hydrolysis

rate. This leads to the inhibition of downstrearfeebrs, like N-WASP and Arp2/3 complex, which résun less actin
polymerization. GEFs activate the RhoGTPases agaidified, Wong et al., 2001).
/)

3.3.1.3 The srGAP SH3 domain

SH3 domains are found in multiple intracellular tgros

in living cells. They are ubiquitous protein-intetian i

modules, which have roles in many aspects of camy

signalling networks. The peptide recognition sugfe

W

contains a hydrophobic cleft, which has variablep®
that contribute to the recognition specificity aatso

determine ligand orientation (Mayer et al., 200iletal.,

. . . . Fig. 3.14: Crystal structure of the srGAP1
2006). SH3 domains recognize proline- rich sequengﬁe,domam Y

. . . . . - . Ribbon representation of the monomer structure
motifs with a PxxP motif, which is classified intass I, o the SerApl SH3 domain, containing fie

. strands. This figure was drawn using PyMOL
RKxxPxxP and class Il, PxxPxR motifs. The structoire (http;,,www_pvmgmrqy_ (PDB: 2GNC, ,_gi etyal.,

2006
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the srtGAP1 SH3 domain (Li et al., 2006) and theAd?& SH3 domain (Qin et al., 2006) were
solved, showing a classical SH3 domain (Fig. 3.&¢dhtaining fivep-strands arranged as two
orthogonalp-sheets and forming a compact anti-parglisheet (Li et al., 2006). So far, it is
known that the SH3 domain of srGAP1 binds to the3@E Robol, hence involving the
protein in the Slit-Robo pathway (Fig. 3.15).

D1-D4 EGF EGF CT

ooeolliiH®llle

IG1-5 Robo receptor

L(CC((

cell membrane

4\

Fig. 3.15: Binding of the sr GAP1 SH3 domain;tothe’Robojreceptor

The D2 domain of the Slit ligand binds to the IGirghin of the Robo receptor, hence enhancing idifinto the
SH3 domain of srGAP1 via its cytosolic domain 3.bAdwviations: D1-D4: Leucine-rich repeat domains,FEG
epidermal growth factor, LG: laminin G-like domairCT: C-terminal cysteine knot domain, 1G1-5:
Immunoglobulin like domain 1-5, FN1-3: fibronectiype 3, CCO0-3: cytosolic domain 0-3 (modified, Holstee
et al., 2008).

3.3.1.4 The srGAP C-terminal region

So far, not much is known about the C-terminal sagdf the srGAP family. It seems to be

mainly unstructured, containing a short coiled-cddmain, which is conserved in all
organisms. Functionally the C-terminal region iswumsed to be involved in protein-protein
interaction.In vitro studies indicate that the members of the srGARIyaptay a crucial role

in neurological processes during the developmetite@human brain. sSrGAP1 transduces Slit
signalling in neuronal migration by inactivating @@ (Wong et al., 2001). srGAP2 was
shown to be involved in axon regeneration (Madurale 2004). Recently, it has also been
implicated in a severe neurodevelopmental syndramméch causes early infantile epileptic
encephalopathy and profound psychomotor delayg$aital., 2011). srGAP3 is suggested to
be involved in a severe form of X-linked mentalarégtion, the 3p- syndrome, giving
SrGAP3 the alternate name of mental-disorder agsatiGAP protein (MEGAP) (Endris et

al., 2002). Furthermore, a role for srGAP3 in ldeagn memory has been shown with mice
18



behaviour tests such as novel object recogniti@iemwmaze and passive avoidance (Carlson
et al. 2011). Figure 3.16 shows a summary of thevknroles for the individual domains of

the srGAP family.

Slit
-

membrane protrusion /\ . Robo receptor

membrane / \

\

— 4 5

FBAR GAP SH3 PxxP\
GTP-RhoGTPase .

Downstream effectors

?

GDP-RhoGTPase

Fig. 3.16: Summary of theindividual roles of each domain of srGAP family in the cell

The members of the srGAP family contain a FBAR, GAPI3 and C-terminal domain. The SH3 domain (orarigged

binds to the cytosolic domain of the Robo receptious activating the srGAP protein and involvingnitthe Slit-Robo-
pathway. Activation of the srGAP protein leads moirgcreasing activity of its GAP domain (yellow Bowhich specifically
binds to members of the RhoGTPase family and inesstieeir intrinsic GTP hydrolysis rate, thus intiftg all downstream
processes. The FBAR domain is responsible for membbanding and bending (blue half moon). The C-teahdomain
contains PxxP motifs and is assumed in proteingmmainteraction and for involving the srGAP proteiim new pathways
(modified, Wong et al., 2001; Hohenester et alQ&0
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34 THE FCH AND DOUBLE SH3 DOMAIN FAMILY-
ANOTHER MEMBER OF THE [-FBAR CONTAINING
PROTEINS

Intracellular trafficking needs several membranagsihg proteins, which work together to
induce membrane invagination, tubules or vesicten&tion. Many of these proteins contain
BAR domains, such as the FCH and double SH3 dor@eimly containing a N-terminal
FBAR domain. It can be found in various organisarsging from yeast to mammals and has

an evolutionary conserved protein domain compasitio

3.4.1 NERVOUS WRECK

Nervous wreck (Nwk) is an FCH and SH3 domain-camtgy neuronal adaptor protein (Fig.

3.17 A), which localizes to the periactive zonegpodsynaptic terminals and is able to bind to
Wsp, the Drosophila orthologue of WASP, which is an important regulatdf actin
polymerization. Nwk was assumed to be a member fainaly of adaptor proteins, which
include the human srGAP proteins. It is proposad Mwk controls the endosomal traffic and
signalling output of synaptic growth receptorste presynaptic terminus of tiosophila
neuromuscular junction (Coyle et al., 2004; O’'Can@Gdes et al, 2008; Rodal et al., 2011).
As mentioned above Nwk contains a N-terminal FBAdtndin, which is followed by two
canonical SH3 domains, recognizing proline-richsmrsus sequences (Fig. 3.17 A). The C-
terminal domain of Nwk contains additional prolineh motifs, with five possible SH3
binding sites (Coyle et al., 2004). There are 1ated proteins in yeast, worms and mammals,
which include the three members of the human sr@hiily (Fig. 3.17 B). In some protein
families one of the SH3 domains has been replageal BAP domain. Though the sequence
identity is not high, Nwk and its 11 homologs shaneapproximately 60 aa long sequence in
the FBAR domain, which is unique for this familyhi¥ sequence is referred to as ARNEY

domain, for which no relevant function has beercdesed until now (Coyle et al., 2004).
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(A)

FBAR SH3 SH3
1—A—-—-—1ooo

(B) HOMOLOGS FBAR | SH3 | SH3

H. sap. FCHSD1 - 55 % 53 %

H. sap. FCHSD2 30% | 47 %50 %

SIGAP1 29% | - 31 %
SIGAP2 32% | - 30 %
SIGAP3 26 % | - 31 %
SrIGAP4 27% | - 28 %
M. mus. Nwk 40% | 55 % 53 %

M. mus. RhoGAP4 | 30% | - 28 %
M. mus. RhoGAP14| 26 % | - 31 %

C.degansF12F6.5| - - -

S cer. Bzzlp 46% | 35%38%

Fig. 3.17: Domain composition of Nervous Wreck

(A) The Drosophila protein Nwk contains a FBAR domain (blue) and twa@%ldmains (orange).

(B) Table with the 11 homologs of Nwk. Sequence iies of the individual domains are shown in peteges. Dashes
mean either insufficient similarity in BLAST alignmieor in case of the first SH3 domain, replaceniyna GAP domain.
FCHSD1 and FCHSD2 are the human Nwk proteins. Thé&&.52protein fronC. elegans shows no specific similarity in
domain composition, though it contains the ARNEYm@din, which has a sequence identity of 37 %. Abbtm®ns: C.
elegans: Caenorhabditis elegans, H. sp.: Homo sapiens, M. mus.: Mus musculus, S. cer.: Saccharomyces cerevisiae

The similar domain composition of Nwk and its hoogd suggests that all 12 proteins belong
to a distinct family of adaptor proteins, whichardct with cytoskeletal regulators. Recently,
it has been shown that the FBAR domain of Nwk haseanbrane deforming activity, which
is different from the previously described FBAR teins. Instead of classical membrane
tubules, the Nwk FBAR creates ridges and scallopsivitro assays by assembling into
zigzags. In S2 cells, these structures develop psma membrane protrusions by actin

polymerization, thus showing a negative membrarferdeng activity, which is similar to
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that of the srGAP family. Analysis of mutationsatized in the concave surface indicate, that
Nwk exhibits a conventional concave FBAR domaiructire. The results of this study
suggests that there are unique modes of higher-assembly, which can define how FBAR

proteins sculpt the membrane (Becalska et al., 2013

342 THE HUMAN NWK HOMOLOG-THE FCHSD2 PROTEIN

The human Nervous wreck protein, known as FCHSDEZanom, shares the same domain

composition of Nwk. So far, it is known that the mme FCHSD1 and FCHSD2 form
abundant protrusions in S2 cells. Further expertmen HEK293T cells also resulted in F-
actin containing protrusions to which the FBAR damsdocalized. This similar protrusion-
generating activity of thérosophila and murine Nwk proteins indicate an evolutionary
conserved mechanism (Becalska et al., 2013). Tiserebd membrane deforming activity
shows some similarity to that of the sSrGAP family.

In addition to the information about the FBAR domathe structures of both SH3 domains
have been solved (Qin et al., 2006). Not much iswkn about their possible interaction
partner whereas it is clear that theosophila Nwk binds to Wsp with its first SH3 domain,
and is therefore, involved in actin polymerizati@oyle et al., 2004). Furthermore, it has
been shown that Carom interacts with the calciulmicdulin-dependent serine protein kinase
(CASK), which targets junctional components andkdinthem to the cytoskeleton and with
myelin-associated glycoprotein 1 (MAGI-1), which &assumed to play a role in the
transmission of regulatory signals from the celffate to the nucleus (Dobrosotskaya et al.,
1997; Ohno et al., 2003). Both proteins bind tdiulc$ regions of the C-terminal domain of
Carom, whereby CASK inhibits the binding of CararMAGI-1. Thein vivo significance of
this interaction is not solved yet, though it isased that Carom might be associated with the

cytoskeleton and linkage of other proteins to tyiteskeleton (Ohno et al., 2003).
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4. GOALS OF THE PROJECT

The goal of this work is to analyse the structwmadl functional properties of the srGAP1
protein to gain new insight into the characterstt the srGAP family.

srGAP1 belongs to a novel GTPase activating prdeemly and is part of the BAR domain
superfamily, containing a N-terminal FBAR domairhigh belongs to a new class of FBAR
domains, termed I-FBAR domains. Characteristictfiics new subfamily is the formation of
membrane protrusions upon binding of the FBAR dointai the membrane, instead of the
classical membrane invagination. This was showh g&verain vivo experiments with Cos7
and cortical neuron cells. Like many BAR domain te@ming proteins, the srGAP1 protein
has additional protein domains, a GAP and a SH3ailgnas well as several protein binding
motifs in its C-terminal region.

To understand the function of the I-FBAR subfanalyd their differential behaviour upon
membrane binding, the FBAR domain of srGAP1 and RBAR domain of Carom were
analysed with giant unilamellar vesicle baseditro assays for their membrane deforming
activity. Furthermore, the affinity of the GAP doimdo three members of the Rho family of
GTPases was examined using different NMR approath@sin insight into the structural
properties of the acceleration of the intrinsic foygsis reaction of the GTPase by the srGAP1
GAP domain. The C-terminal domain, which is richpiotein binding motifs was used to
identify potential new interaction partners for #&AP1 protein, to gain insight into new
functions for the protein within the complex prot@ietwork.
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5. CONTRIBUTIONS

All experiments were discussed with my supervisorf¥¥onne Groemping.

7.1.1 Bioinformatical cluster analysis of the srGAP family
The setup and the results of the bioinformaticalysis were discussed with Dr. Moritz
Ammelburg. The analysis was carried out by myséti whe bioinformatic toolkit of the MPI

for Developmental Biology, Tuebingen.

7.1.2 Developmental and tissue-specific expression analysis of srgapl in zebrafish
embryos

The experimental outline for the analysis of theregsion pattern afrgapl was discussed
with Dr. Christian Soellner and Horst Geiger. Zdistees were provided by the fish facility of
the Department of Genetics, MPI Tuebingen. | ofbtiee srgapl construct for then-situ
hybridization and carried out the-situ experiments by myself. The images of the single
situ experiments were taken by myself. The images efdbublein-situ experiments were
taken together with Dr. Christian Soellner and rigults of the analysis were discussed with

him as well.

7.1.3 Structural analysis of the srGAP1 FBAR domain

| performed the cloning of all FBAR domain constajexcept the SRGAP1 FBAR domain
from Pristionchus pacificus, which was done by Martin Schuekel. | carried @il
purifications as well as the biochemical analysithe different sSrtGAP1 FBAR domains. The
crystallization screens for the zebrafish srtGAPJARBdomain were set up by Dr. Reinhard
Albrecht and Kerstin Bar.

7.1.4 Functional characterization of the srGAP1 FBAR domain of zebrafish

The liposome mixes for the EM assays were genetatetilvia Wuertenberger. | carried out
the EM assays and the images were taken togethlerQvi Matthias Floetenmeyer in the
beginning, later | took the images by myself. THé\Gassays were performed in the research

group of Dr. Wolfram Antonin together with Dr. Nalke Eisenhardt.
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7.1.5 Comparison of the binding specificity of the human srGAP1 GAP domain and its
zebrafish homolog to three member s of the RhoGT Pases

| cloned the GAP domains, as well as the zebr&@dtd2. The human RhoGTPase constructs
were already available and were cloned before byyRonne Groemping. Dr. Murray Coles
conducted all NMR measurements and provided me thighfigures, which we discussed
together. The mapping of the binding sites on Cded2 suggested by my TAC committee
members Professor Dr. Andrei Lupas, Professor BitoTStehle and Dr. Christian Soellner.

7.1.6 Possible new interaction partners for the human srGAP1 protein and its zebrafish
homolog

The C-terminal domain of the human srGAP1 was doby Beatrice Laudenbach. |
performed the purification and further charactdrara of the domain. The setup of the rat
brain pulldown was discussed with Silvia Wuertegleer The mass spectrometry analysis of
the rat brain pulldown as well as the zebrafish gmipulldown were carried out by Johannes
Madlung from the Proteome Center in Tuebingen.rtied out further analysis of the mass
spectrometry results. The selection of the potenttaraction partners were discussed with

Dr. Yvonne Groemping.

7.2.1 Biochemical characterization of the FBAR domain of the human Carom protein

Beatrice Laudenbach and Martin Schueckel clonechtirean Carom construct. | performed
the purification and further biochemical analysigle protein. Crystallization screens were
set up by Dr. Reinhard Albrecht and Dr. Marcus hharn analysed the diffraction data.

Further variation of the crystallization screensevearried out by myself.

7.2.2 Membrane defor ming activity of the human Carom FBAR domain

The GUV assays in chapter 7.2.2.1 and 7.2.2.3 wer®rmed by Dr. Aleksander Czogalla,
Dresden. The GUV assays in chapter 7.2.2.2 werferpged by me under the supervision of
Dr. Nathalie Eisenhardt.
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6. MATERIALS AND METHODS

6.1 MATERIALS
6.1.1 CHEMICALS AND ENZYMES

All chemicals and enzymes which were used in thigegt were ordered from the following
companies: AppliChem GmbH (Darmstadt), Carl Roth bBm& Co KG (Karlsruhe),
Fermentas/Life Technologies Co. (Franfurt/Main),rskeAG (Darmstadt) and Sigma-Aldrich
Chemical GmbH (Steinheim).

6.1.2 USED BACTERIAL STRAINS

Tab. 6.1: Escherichia coli (E. coli) strains

NAME GENOTYPE REFERENCE

BL21 (DE3) F-ompT gal dcm lon hs@@s" | Novagen
mg’) MDE3 [lacl lacUV5-T7
gene 1 ind1 sam7 nin5])

Rosetta FompT gal [dcm] [lon] hsdSB | Novagen
(rB-,mB-) A(DE3)
pRARE(CmR)
Lemo2l1 (DE3) fhuA2 [lon] ompT gal X DE3) | New England Biolabs

[dcm] AhsdS/ pLemo(CamR)

26



6.1.3 PLASMIDS

Tab. 6.2: Cloned plasmids

NAME CHARACTERISTICS SOURCE
pET28b_FBAR _DR_21-475 srGAP1 FBAR domain of Anitha Jeyanthan
zebrafish with C-terminal 6His
tag in pET-28b, kanamycin
resistance
pPET47b_FBAR_1-469 human srGAP1 FBAR domainAnitha Jeyanthan

with N-terminal 6His-tag in
pET-47b, kanamycin resistanc

e

pET28b_FBAR_PP_20-460

SRGAP1 FBAR domain of
Pristionchus pacificus with C-
terminal 6His-tag in pET28b,
kanamycin resistance

Martin Schueckel

pPGEX6P1_GAP_496-695 human srGAP1 GAP domain Anitha Jeyanthan
pGEX6P1 with N-terminal
GST-tag, ampicillin resistance
pPGEX6P1_GAP_DR_492-676| srGAP1 GAP domain from | Anitha Jeyanthan

zebrafish in pPGEX6P1 with N-
terminal GST-tag, ampicillin
resistance

pGEX6P1_Cterm_799-1085

human srGAP1 C-terminal
domain in pGEX6P1 with N-
terminal GST-tag, ampicillin
resistance

Beatrice Laudenbach

pGEX6P1_Cterm_DR_782-
1073

srGAP1 C-terminal domain,
from zebrafish in pGEX6P1
with N-terminal GST-tag,
ampicillin resistance

Anitha Jeyanthan

pET28b_Carom_FBAR

Human Carom FBAR domait
in pET-28b with C-terminal
6His-tag, kanamycin resistanc

n Beatrice Laudenbach, Martin
Schueckel

a)
-

PGEX4T1_Cdc42_Hs_1-178

human Cdc42 in pGEX4T1
with N-terminal GST-tag,
ampicillin resistance

Yvonne Groemping

pGEX6P1_Cdc42 DR_1-191

Cdc42 from zebrafish in
pGEX6P1 with N-terminal
GST-tag, ampicillin resistance

Anitha Jeyanthan

PGEX4T1 Racl Hs

human Racl in pGEX4T1, w
N-terminal GST-tag, ampicillin
resistance

tNvonne Groemping

pGEX4T1_RhoA_Hs

human RhoA in pGEX4T1,
with N-terminal GST-tag,

Yvonne Groemping

ampicillin resistance
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6.1.4 OLIGONUCLEOTIDES

Tab. 6.3: Used oligonuclectides for cloning of the FBAR, GAP and the C-terminal constructs

NAME SEQUENCE REFERENCE
srtGAP1 FBAR 1 fw CATGCCATGGGAATGTCCACCCCGAGCCGATTCAAG MWG
srGAP1 FBAR 469 rv| CCGCTCGAGTCATTCTCCCAGGGTCCTCTGCAGCAAGTC | MWG
srtGAP1 FBAR L1 fw | CAGGGACCCGGTATGTCCACCCCGAGCCGATTCAAG MWG
SIGAP1 _FBAR_L469 r| GGCACCAGAGCGTTATTCTCCCAGGGTCCTCTGCAGCAA| MWG
Vv GTC
srl GAP_496 fw CGGGATCCCGCTCACAGTATAATACTAAGTTGTTTAATG MWG
srl_GAP_695 rv GCGCTCGAGTCATGGGAAAATAGTCTCATGGTGGATGAT | MWG

G
SIGAP1 L799 fw CAGGGACCCGGTGTGCAGGATATGGATGATACG | MWG
srtGAP1 L1085 rv GGCACCAGAGCGTTACATTGTGCATGACTTGTCTGTTG MWG
SrGpl DR 1fw CCAGTTTGTAAACACTCTCATAAC MWG
SrGpl DR _2fw CATGCCATGGTGAAGATGTCGAATCCTCCTGTGAAG MWG
SrGpl DR_3fw CATGCCATGGTCAAAGAGATTCGAGCTCAAC MWG
SrGpl DR _1rv ATAGTTTAGCGGCCGCGTCACCGAGGGTTCTCTTCAGTAG MWG
SrGpl_DR_2rv ATAGTTTAGCGGCCGCGGTGCAGGATTTGTCCAATG MWG
SrGpl DR 3rv GAAATGACTCTGGCTCTGACTG MWG
SrGP1_DRinsitu_fw CAAAATTAACCCTCACTAAAGGGGTCAAAGAGATTCGAG | MWG

CTAA
SrGP1_DRinsitu_rv TTGTTAACTCCCTATAGTGAGTCGTATTAGCAGCCGGATC | MWG

TCAG
srldrGAPfwl GAACCGGGCATTGCGGACCTAC MWG
sr1drGAPrvl TGAGATGGGTGGACGAGGCAGTG MWG
sridrGAPfw2 CGCGGATCCAGACATCAGGACTCTGGTCAAG MWG
srlidrGAPrv2 CCGCTCGAGAGGAAAGATGGTTTCGTGGTG MWG
srldrCtermflfwl GAGGATGAGGGAGAGCCCATTGAAG MWG
srldrCtermfirvl TACCAAGAGGTTCAAAGCCTGTTTGAG MWG
srldrCtermflfw2 CCGGAATTCTATGGACGACACGTTCTCAGACACTTTG MWG
srldrCtermflrv2 CCGCTCGAGTCACATGGTGCAGGATTTGTCCAATG MWG
Carom fw CGGGATCCATGCAGCCGCCGCCGAG MWG
Carom rv ATAGTTTAGCGGCCGCTTAGCGGGCCCATCGCTCATTTTC MWG

6.1.5 CLONING VECTORS

6.1.5.1 pET-28b

T7 promoter primer #69348-3

pET upstream primer #69214-3
—» Bglll

T7 promoter
TAATAC
His*Tag
ATCATCAT

lac operator Xbal rt

CTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAG

Nde| Nhel
TGGCT T(

ATCATC
IsHist

Eag|
Hind lll__ Notl  Xhol
AGCTTGCGGCCBCACT

Sal

T7 terminator
TGGGGCCTCTAAACGGGTCTTG

Bpu1102 |

T7 terminator primer #69337-3

Fig. 6.1: Multiple cloning site of pET-28b from Novagen
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6.1.5.2 pET-47b

T7 Promoter Primer
#69348-3
T7 promoter lac operator Xba |
GATGCGTCCGGCGTAGAGGATCGAGATCGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGA

Acctb |
Kpn |
Bae |
SanD |
Xma |
Nde | His*Tag Sac |l Sma |
AATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGGCACATCACCACCACCATCACTCCGCGGCTCTTGAAGTCCTCTTTCAGGGACCCGGGTAC
MetAlaHisHisHisHisHisHisSerAlaAlaLeuGluValLeuPheGLnGLlyProGlyTyr

HRV 3C J
PshA | Eagl EcolCRI
BamH | EcoR 1 BsrG1 Stu | Asc | Aat |l Sall _Hind 1ll Not | Sac | SeTag

CAGGATCCGAATTCTGTACAGGCCTTGGCGCGCCCGACGTCCGTCGACAAGCTTGCGGCCGCAGAGCTCGCTCTGGTGCCACGCGGTAGTAAAGAAACC
GlnAspProAsnSerValGlnAlaLeuAlaArgProThrSerValAspLysLeuAlaAlaAlaGlulLeuAlaLeuValProArgGlySerLysGluThr
thrombin
SeTag  _BstBI Xho | Pacl __Avrll
GCTGCTGCTAAATTCGAACGCCAGCACATGGACAGCTCTACTTCTGCTGCTCTCGAGGCTTAATTAACCTAGGCTGCTAAACAAAGCCCGAAAGGAAGC
AlaAlaAlaLysPheGluArgGLnHisMetAspSerSerThrSerAlaAlaLeuGluAlaEnd
AS SeTag 18mer Primer
#71262-3

Fig. 6.2: Multiple cloning site of pET-47b from Novagen

6.1.5.3 pGEX4T1

Thrombin

|Leu Val Pro ArgJ’GIy SerIPro Glu Phe Pro Gly Arg Leu Glu Arg Pro His Arg Asp
CTG GTT CCG CGT GGA TCC CCG GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT CGT GAC TGA

BamH EcoRl —grmgr — Sall —xpor . Notl Stop codons

Fig. 6.3: Multiple cloning site of pGEX4T1 from GE Healthcare

6.1.5.4 pGEX6P1

PreScission ~ Protease

|Leu Glu Val Leu Phe GIn"’GIy ProlLeu Gly Ser Pro Glu Phe Pro Gly Arg Leu Glu Arg Pro His
CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC,CCG GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT

BamHI  EcoR| —gmar Sall xnor  Notl

Fig. 6.4: Multiple cloning site of pGEX6P1 from GE Healthcare
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6.1.6 MEDIA AND ADDITIVES

Tab. 6.4: Media composition and concentrations of additives

NAME CONTENTS/USE CONCENTRATION
LB-Medium Trypton 10g
yeast extract 59
NacCl 59
H-O adto 11
M9 minimal medium 5x M9 Salt* 200 ml
1 M MgSO 2ml
1 M CaCh 0.1ml
20 % glucose 20 mi
1 % thiamin 0.2ml
amino acids each 50 mg
DL-Selenomethionine 50 mg
M9 minimal medium for NMR 5x M9 Salt* 200 ml
NH,CI 1lg
1 M MgSQ 2ml
1 M CaCh 0.1ml
20 % glucosefC) 1.25¢
adto 1l
IPTG (1M) for induction of bacterial 0.1-1 mM
expression
Rhamnose (1M) for tuning of protein 0.75 mM
expression with lysozyme
level
Kanamycin sulfate (10 mg/ml) for resistance 10 dg/m
Ampicillin (50 mg/ml) for resistance 50 pg/mi
Chloramphenicol (100 mg/ml) for resistance 100 dg/m

* 5x M9 Salt: 64 g NeHPQu x 7H:0, 15 g KHPQy, 2.5 g NaCl, 5 g NECI. For M9 minimal
medium labelled®NH4Cl was added instead of unlabelled 40H

All additives were filtered and stored at -20 °CfmarRhamnose at room temperature.

6.1.7 BUFFERS

6.1.7.1 Agarose gel buffer

Tab. 6.5: Buffer with componentsfor Agarose gel electrophoresis

NAME COMPONENTS
TAE-Buffer (50x) Tris/HCI pH 7.9 242 g
acetic acid 1ml
0.5 M EDTA 100 ml
Hzo ad 11
Serva Stain G 2 ug/mi
Agarose-gel agarose in 1x TAE buffer 1 % (wiv)
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6.1.7.2 SDS-qgel buffer

Tab. 6.6: Buffersfor SDS-gel electrophoresis

NAME COMPONENTS

Separating-gel buffer 1.5 M Tris/HCI pH 8.8 181.7¢g
0,4 % SDS 20 ml (from 20 % stock)
H.O ad 11

Stacking-gel buffer 0.5 M Tris/HCI pH 6.8 60 g
Hzo ad 11

Running-buffer (10x) Tris/HCI pH 8.3 151.4¢g
SDS 509
glycerol 720.6 g
Hzo ad 51

Loading-buffer (4x) 100 mM Tris/HCI pH 6.8 12g
SDS 4 % (w/v)
glycerol 20 % (v/v)
Bromphenolblue 0.02 %
B-ME 30 pl/ml
H,O ad 100 ml

Staining solution Coomassie Brilliant Blue R-250 | 2.5 ¢
ethanol 400 ml
acetic acid 100 mi
Hzo ad 11

Destaining solution ethanol 300 ml
acetic acid 100 mi
H-O ad 11

Tab. 6.7: Componentsfor six 10 % SDS gels

NAME COMPONENTS

Separation gel ¥ 12.3 ml
separation gel buffer 7.5 ml
30 % Acrylamide 10 mi
APS 250 pl
TEMED 25 pl

Stacking gel KO 8.9 ml
stacking gel buffer 3.8 ml
30 % acrylamide 2.3 ml
APS 150 pl
TEMED 15 ul

31



6.1.7.3 Western Blot

Tab. 6.8: Buffersfor Western blotting

NAME COMPONENTS
Transfer buffer 20 mM Tris 30¢g
150 mM glycine 1059
0.1 mM SDS 1g
20 % methanol 200 ml
HzO ad 11
Blocking buffer PBS ad 10 ml
Tween 1 % (viv)
BSA 5 % (v/v)
Wash buffer Tween 1 % (viv)
PBS ad 10 ml
Detection solution Tetramethylbenzidine 1ml
6.1.7.4 Buffers for silver staining of SDS-gels
Tab. 6.9: Buffersfor silver staining
NAME COMPONENTS
Fixation buffer 50 % MeOH 100 mi
12 % Acetic acid 24 ml
1/2000 37 % Formaldehyde 0.1 ml
H0 ad 200 ml
Post-fixation buffer 0.2 g/l N&O3 x 5H.0 0.1g
H.O ad to 500 ml
Developer 60 g/l N&O; 12 g
1/2000 37 % formaldehyde 0.1ml
1/50 post-fixing 4 ml
H.O ad to 200 ml
Stop Il solution 50 mM EDTA 9349
H0 ad to 500 ml
Staining solution 2 g/l AgN® 0.2¢g
H.0 ad to 100 ml

32



6.1.7.5 Buffers for protein purification

6.1.7.5.1 srGAP1 FBAR domain 21-469Hdmo sapiens

Tab. 6.10: Buffersfor purification of the srGAP1 FBAR domain of Homo sapiens

NAME COMPONENTS FOR COMPONENTS FOR
DETERGENT-APPLIED REFOLDING
PURIFICATION

Lysis buffer 20 mM Tris pH 8.0 20 mM Tris pH 8.0
300 mM NacCl 300 mM NacCl
3x protease inhibitor tablets 3x protease inhibitor tablets
2 % N-Laurylsarcosine (sarcosyl; 2 mM B-ME
added after cell lysis)
2 mM B-Mercapto ethanoBME)

Wash buffer | 20 mM Tris pH 8.0 20 mM Tris pH 8.0
750 mM NacCl 750 mM NacCl
10 mM MgCbh 10 mM MgCh
50 mM KCI 50 mM KCI
2 mM ATP 2 mM B-ME
1 % sarcosyl
2 mM B-ME

Wash buffer Il 20 mM Tris pH 8.0 20 mM Tris pH 8.0
300 mM NacCl 300 mM NacCl
10 mM imidazole 10 mM imidazole
0.5 % sarcosyl 2 mM B-ME
2 mM B-ME

Elution buffer 20 mM Tris pH 8.0 20 mM Tris pH 8.0
300 mM NacCl 300 mM NacCl
150 mM imidazole 150 mM imidazole
0.2 % sarcosyl 2 mM B-ME
2 mM B-ME

Dialysis buffer 20 mM Tris pH 8.0 20 mM Tris pH 8.0
300 mM NacCl 300 mM NacCl
0.2 % sarcosyl 4 M urea/2 M urea
2 mM B-ME 2 mM B-ME

Gelfiltration buffer 20 mM Tris pH 8.0 20 mM Tris pH 8.0
300 mM NacCl 300 mM NacCl
0.2 % sarcosyl 2 mM B-ME
2 mM B-ME
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6.1.7.5.2 srtGAP1 FBAR domain 20-460Ryi stionchus pacificus

Tab. 6.11: Buffersfor purification of the srGAP1 FBAR domain from Pristionchus pacificus

NAME

COMPONENTS

Lysis buffer

20mM Tris pH 7,5
400 mM NacCl

2 mM MgCb

2 mM imidazole
1.0 % CHAPS

2 mM B-ME

Wash buffer |

20mM Tris pH 7,5
800 mM NaCl

2 mM MgChk

20 mM KCI

2 mM ATP

0.5 % CHAPS

2 mM B-ME

Wash buffer Il

20mM Tris pH 7,5
300 mM NacCl

10 mM imidazole
0.5 % CHAPS

2 mM B-ME

Elution buffer

20 mM Tris pH 7,5
300 mM NacCl

250 mM imidazole
0.5 % CHAPS

2 mM B-ME

Dialysis buffer

20 mM Tris pH 7.5
300 mM NacCl

0.5 % CHAPS

2 mM B-ME

Gelfiltration buffer

20mM TrispH 7,5
300 mM NacCl

0.5 % CHAPS

2 mM B-ME
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6.1.7.5.3 srtGAP1 FBAR domain 21-475 of zebrafish

Tab. 6.12: Buffersfor purification of the srGAP1 FBAR domain from zebr afish

NAME

COMPONENTS

Lysis buffer

20 mM Tris pH 8.0

400 mM NacCl

5 mM imidazole

1.0 % n-Dodecyp-D-maltoside
(B-DDM)

2 mM B-ME

Wash buffer |

20 mM Tris pH 8.0
800 mM NacCl
2 mM MgChk
20 mM KCI
2 mM ATP
2 mM B-ME

Wash buffer Il

20 mM Tris pH 8.0
300 mM NacCl

10 mM imidazole

2 mM B-ME

Elution buffer

20 mM Tris pH 8.0
300 mM NacCl

250 mM imidazole
2 mM B-ME

Dialysis buffer

20 mM Tris pH 8.0
75 mM NacCl
2 mM B-ME

Mono Q buffer 1

20 mM Tris pH 8.0
75 mM NacCl
2 mM B-ME

Mono Q buffer 2

20 mM Tris pH 8.0
1 M NaCl
2 mM B-ME

Dialysis buffer

20 mM Tris pH 8.0
300 mM NacCl
2 mM B-ME

35



6.1.7.5.4 Purification buffers for GST-tagged phuge

Tab. 6.13: Buffersfor purification of GST-tagged proteins

NAME

COMPONENTS

Lysis buffer

20 mM Tris pH 7.5
300 mM NacCl

3x protease inhibitor tablets

2mMDTT

Wash buffer |

20 mM Tris pH 7.5
750 mM NacCl
10 mM MgCb
50 mM KCI
2 mM ATP
2 mM DTT

Wash buffer Il

20 mM Tris pH 7.5
300 mM NacCl
2 mM DTT

Elution buffer

20 mM Tris pH 7.5
300 mM NacCl

75 mM GSH

2 mM DTT

Dialysis buffer

20mM TrispH 7.5
300 mM NacCl
2 mM DTT

Gelfiltration buffer

The final salt concentration was reduced to 150 atkbrding to the protein stability.

20mM TrispH 7.5
300 mM NacCl
2mMDTT
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6.1.7.5.5 Carom FBAR

Tab. 6.14: Buffersfor purification of the human Carom FBAR domain

NAME

COMPONENTS

Lysis buffer

20 mM Tris pH 8.0

300 mM NacCl

3x Proteaseinhibitor tablets
2 mM B-ME

Wash buffer |

20 mM Tris pH 8.0
750 mM NacCl
10 mM MgCb
50 mM KCI
2 mM B-ME

Wash buffer Il

20 mM Tris pH 8.0
300 mM NacCl
2 mM B-ME

Elution buffer

20 mM Tris pH 8.0
300 mM NacCl

250 mM imidazole
2 mM B-ME

Dialysis buffer

20 mM Tris pH 8.0
300 mM NacCl
2 mM B-ME

Gelfiltration buffer

20 mM Tris pH 8.0
300 mM NacCl
2 mM B-ME

6.1.7.6 Buffer for rat brain tissue and zebrafistbeyos pulldown

Tab. 6.15: Lysisbuffer for rat brain and zebrafish embryos

NAME

COMPONENTS

Lysis buffer

20 mM Tris pH 8.0

150 mM NaCl

1 % (v/v) NP-40

2 mM EDTA

1 mM NaHPOy

5 mM NaF

3 mM NaP,Oy

1 mM NaVOg4

2x proteaseinhibitor tablets
PMSF (only in homogenizing buffer
2 ul/ml)

1 mMDTT
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6.1.7.7 Buffers for single and doubtesitu hybridization

Tab. 6.16: Used buffer and their componentsfor single and doublein-situ hybridization

NAME

COMPONENTS

PBST pH 7.4

500 ml PBS
0.1 % Tween 20

20x SSCpH 7.0

3 M NacCl
0.3 M Na-citrate

2x SSCT

20x SSC
0.1 % Tween 20
ad 500 ml HO

0.2x SSCT

20x SSC
0.1 % Tween 20
ad 500 ml HO

4% PFA

20 g Paraformaldehyde
ad 500 ml pre-warmed PBS

proteinase K

10 pg/ml proteinase K in PBST

HYB pH 6 50 % Formamide

5x 20x SSC

0.1 % of 10 % Tween 20
HYB* 5 mg yeast RNA

50 pg/ml Heparin
100 ml HYB

Western blocking buffer

500 ml PBS
1 % Tween 20

Blocking bufffer

5 g blocking reagent

50 ml MABT
Glycin 0.05 g glycin

50 ml PBST
6.2 METHODS

6.2.1 METHODS IN MOLECULAR BIOLOGY

6.2.1.1 Polymerase Chain Reaction (PCR)
The target DNA was amplified by PCR with the helgpecific oligonucleotides (see chapter
6.1.4). As templates genomic or plasmid DNA weredu@ ab. 6.17 and 6.18)
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Tab. 6.17: Components of a PCR reaction

CONCENTRATION VOLUME
template 5-8 ng 1-2 pl
MgCl, 1 mM 1ul
dNTPs 0.5 mM 1l
5x HF Buffer (New England 10 pl
Biolab, Ipswich, USA)
primer fw 1uM 1 ul
primer rv 1uM 1l
Phusion High Fidelity DNA - 1pl
Polymerase (New England
Biolab, Ipswich, USA)

Tab. 6.18: PCR programme

STEPS TIME | TEMPERATURE

initiation 2min | 98 °C

denaturation 1 min| 98°C

annealing 30se¢ 55°C

elongation 2min| 72°C 30x

final elongation| 1 min | 72 °C

Hold - 8 °C

The amplified product was analysed via agarosgsga chapter 6.1.7.1) and purified either
by gel extraction (Qiagen gel extraction kit, QiagHlilden) or with PCR purification (Qiagen
PCR purification kit, Qiagen, Hilden).

6.2.1.2 Restriction Digest

The purified PCR product and the specific vectoreveut with restriction enzymes (Fast
Digest, Fermentas GmbH, Germany) (Tab. 6.19). \feate@re cut for 1 h and PCR products
for 30 min at 37 °C. The digested samples were fhaified with the gel extraction Kkit.
Ligation independent cloning (LIC) was applied fao constructs. The LIC method uses the
3'—>5" exonuclease activity of the T4 DNA polymerasecteate 15-base single stranded
overhangs in the LIC vector. PCR products with clamgntary overhangs are created by
building appropriate 5' extensions into the primditse purified PCR product is treated with
LIC-qualified T4 DNA polymerase in the presence dXTP to generate specific vector-
compatible overhangs. The desired product is forbyeannealing.
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Tab. 6.19: Target geneswith restrictions sites

CONSTRUCT RESTRICTION SITES
srGAP1_FBAR_DR Ncol, Notl
SrIGAP1_GAP_DR BamHI, Xhol
srGAP1_Cterm_ DR BamHI, Xhol
SIGAP1_FBAR_Hs LIC
SrGAP1_GAP_Hs BamHlI, Xhol
SrGAP1_ Cterm_Hs LIC
srtGAP1_FBAR_PP Ncol, Notl
Carom_Hs FBAR Nhel, Notl

6.2.1.3 Ligation

For the ligation of the target insert into the nplé cloning site of a specific vector a ratio of
1:3 was taken. The ligation reaction was set uprogbt at room temperature (Tab. 6.20).

Tab. 6.20: Components of theligation reaction

COMPONENT VOLUME
insert DNA 5 pl
vector DNA 12 pl
10x T4 Ligase buffer 1l

(Fermentas GmbH, Germany)

T4 Ligase (Fermentas GmbH, Germany) ul

H-0 ad 20 pl

6.2.1.4 CompeterE. cali cells

For the transformation, competdatcoli cells were used. For making competent cells a 5 ml
overnight culture was set up with the requiredistiaom a glycerol stock. 50 ml LB medium
were then inoculated with 1:200 of the overnighture and grown till an OEo of 0.5. Cells
were cooled on ice for 30 min and centrifuged @0€m for 10 min at 4 °C. Then they
were resuspended in 10 ml of cold Ca@00 mM) and incubated one hour at 4 °C. This was
followed by another centrifugation step at 6000 fem10 min at 4 °C. Then the cells were
resuspended in 2 ml cold CaG@ind 416 ul glycerol (to have an end concentratiotb % of
glycerol) and aliquoted a 50 pl.
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6.2.1.5 Transformation of competdhtcoli cells

One 50 pl aliquot of competent cells was thawedcen5 pl of the ligation or plasmid DNA
were added and incubated for 12 min on ice. Tiep stas followed by a heat shock at 42 °C
for 30 sec. The cells were cooled on ice for 5 anid then 1000 ml of LB medium was added
and incubated for 1 h in a 37 °C shaker (Thermomeoenpact, Eppendorf AG, Hamburg).
After a centrifugation step at 13000 rpm for 10 nilre cells were plated on LB plates with
the corresponding antibiotic and incubated overnigla 37 °C incubator (Heraeus Incubator,
Fellbach).

6.2.1.6 Preparation of plasmid DNA

For the isolation of plasmid DNA colonies were mdkand grown in 5 ml LB medium

containing tubes overnight in a 37 °C shaker. Bodation itself was carried out with a spin
column kit containing a silica membrane, which BNANA in the presence of a high
concentration of chaotropic salt and elutes with-galt buffer. For small scale preparation
the QIAprep Spin Miniprep (Qiagen, Hilden) and farge scale preparation the Qiagen
Plasmid Midi Kit (Qiagen, Hilden) was used.

6.2.1.7 Sequencing of target DNA

Positive clones were selected and confirmed withAD¥¢quencing of the target region. For
that 150 ng of DNA was mixed with 1 ul of the T7ni@ard and T7 reverse primer (10
pmol/ul), 0.5 ul BDT mix, 1.9 pl of 5x sequencingfier (both provided from the sequence
facility in house) and KD to a total volume of 10 pl. The sequencing reactvas then
analysed with the ABI 3730 XL sequencer (Applied8Bistems GmbH, Darmstadt) in the
sequence facility of the institute.

6.2.2 Methods in protein biochemistry

6.2.2.1 Overexpression of the proteinEircoli in LB-Medium

The expression of each protein construct was choug inE. coli strains. Table 6.21 shows
the usedE. coli strains, antibiotics and the temperature afteudtidn for each protein

construct.
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Tab. 6.21: Overexpression of the different protein domain constructs

NAME LINE ANTIBIOTICS TEMPERATURE
AFTER
INDUCTION
srGAP1 DR_FBAR BL21 (DE3), kanamycin 28 °C
Lemo21 (DE3) kanamycin + chloramphenical

srGAP1 DR GAP BL21 (DE3) Ampicillin 28 °C

srtGAP1 DR_Cterm BL21 (DE) Ampicillin 20 °C

srGAP1 Hs FBAR BL21 (DE) kanamycin 28 °C
srGAP1 Hs GAP BI21 (DE3) Ampicillin 28 °C

srGAP1 Hs Cterm BL21 (DE3) Ampicillin 18 °C

srGAP1 PP FBAR BL21 (DE3) kanamycin 28 °C
Carom_Hs_FBAR Rosetta Il (DE3) kanamycin + chlorherpcol | 28 °C
Cdc42_Hs Isoform 2 BL21 (DE3) Ampicillin 28 °C

Cdc42_ DR Isoform 2 BL21 (DES3) Ampicillin 28 °C

RhoA Hs BL21 (DE3) Ampicillin 28 °C

Rac_Hs BL21 (DES3) Ampicillin 28 °C

The cells were transformed with the plasmids andwatnight culture was set up. In addition
to the overnight culture the needed antibiotics (@#mg-100 ug/mg) and in case of the
Lemo2l1 (DE3) cells 750 uM Rhamnose was additionatiged to the medium. The cells
were grown in 5 | glass flasks in a shaker (Infdrdtitron Shajer, INFORS AG, Bottmingen)
or in ventilated 1 | bottles at 37 °C up to an ODO®, induced with 0.1 mM IPTG and
harvested after 4 hours. The temperature was degulated for each protein construct after
induction, varying from 18-28 °C. For harvestinige tcells were centrifuged at 6000 rpm for
10 min at 4 °C and the pellet was frozen at -20F&. purification harvested cells were lysed
up to three times with either using the French ®#{€sench Pressure Cell Press, American
Thermal Instruments, Dayton, USA) or the sonicdBnanson Sonifier 250, G. Heinemann,
Gmuend, Germany). The lysed cells were pelleteccdmtrifugation in an ultracentrifuge
(Beckman Coulter Optima L-80 XP, Beckman Coulterefld) for 40 min at 104.630 g and
4 °C. The supernatant was filtered (0.22 uM GPipblle Express Plus Membrane, Millipore

Cooperation, Billerica MA, USA) and used as thederextract.

6.2.2.2 Overexpression in M9-Medium

15N and3C-labelled recombinant human Cdc42 and Cdc42 frebnafish were purified from

BL21 E. coli strain overexpressing the proteins. Cells wersvgrim 4 | flasks at 37 °C, after
induction with 0.1 mM IPTG at 28 °C, in minimal niegch containing®*C glucose and®N
NH4Cl as carbon and nitrogen sources. The cells wenergovernight, harvested and stored
at -20 °C.
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For selenomethionine labelling the Carom FBAR danveas expressed in M9-Medium with
50 mg of selenomethionine and six additional anaowls (Leu, lle, Thr, Phe, Lys and Val).
Selenomethionine replaces the native methioninethenprotein. Cells were grown in 2 |
flasks at 37 °C, after induction with 0.1 mM IPTG28 °C. The cells were grown overnight,

harvested and stored at -20 °C

6.2.2.3 Purification of 6-His-tagged proteins

For the purification of each protein construct apRinp was used to load the crude extract on
the specific column. Washing and elution steps veargied out on an Aekta FPLC system
(GE Healthcare). Hexa-histidine tagged protein&GA$?_FBAR_Hs, srGAP1_FBAR_DR
and Carom_FBAR_Hs) were purified using an immobiiz metal ion affinity
chromatography (IMAC) column (GE Healthcare). Thgréhe protein was eluted with 250
mM imidazole. This purification step was followeg bize exclusion on a Sephacryl 200
column (GE Healthcare). At each step the purityth@ proteins was examined by SDS-
PAGE.

6.2.2.4 Purification of GST-tagged proteins

GST-tagged proteins  (srtGAP1_GAP_DR, srGAP1l Cterm_DRrGAP1 _GAP_Hs,
srGAP1_Cterm_Hs, Cdc42_Hs, zebrafish Cdc42, RhoAaridsRac Hs) were purified using
a GSH affinity column (GE Healthcare). Here thetgio was eluted with 50 mM GSH. The

purification was generally followed by an overniglalysis step for the cleavage of the GST-
tag with either 3C-Protease or Thrombin. This st&g then followed by size exclusion on a

Sephacryl 75 column (GE Healthcare).

6.2.2.5 Purification of°C and™N labelled proteins for NMR

Purification of'3C and®®N labelled human Cdc42 and Cdc42 from zebrafisfewenducted

in the same way as the respective unlabelled pratei

6.2.2.6 Preparation of nucleotide-free RhoGTPases
6.2.2.6.1 Nucleotide-free RhoGTPases with alkghinesphatase

Preparation of nucleotide-free GTPase is carriedimuwo steps according to John et al.,
1990. In the first step, 1 U alkaline phosphatastal.5 molar excess of GppNHp are added
to approximately 1 mg of GDP-bound GTPase to degthd bound GDP and replace it by its
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non-hydrolysable analogue. GppNHp is resistantlkaliae phosphatase, but sensitive to
phosphodiesterase. The protein solution is incubated °C overnight and the degradation
process is analysed by a High Performance Liquicb@hatography (HPLC), using an HPLC
buffer containing100 mM potassium phosphate pH B)5nM tetrabutylammonium bromide
and 7.5 % acetonitrile. After the complete degradgaiof GDP, 0.002 U snake venom
phosphodiesterase per mg GTPase is added to tn@sabf the GppNHp-bound GTPase to
cleave the nucleotide to GMP, G and inorganic phasp (P. Here again, the protein
solution was incubated overnight at 4 °C. The d#afian process is analysed by HPLC.
After the complete degradation of GppNHp, the snak®om phosphodiesterase is separated
from the nucleotide-free protein with the help of analytical gelfiltration. The nucleotide-

free proteins were stored at —80

6.2.2.6.2 Nucleotdie-free RhoGTPase with EDTA

Another approach to remove bound nucleotide isntoibate purified protein sample (~100
KM) in buffer containing 50 mM Tris, pH 7.5 and 80M EDTA for 20 min at 25 °C. This

step is followed by centrifugation in a Centricdh doncentrator at 4000 x g for 20 min. This
was repeated four more times. Then the protein kamas exchanged into buffer containing
50 mM Tris, pH 7.5, 150 mM NaCl and 1 mM DTE (Zhagteal., 2000). The protein sample
was examined for the content of remaining nucleotiith 3'P NMR spectroscopy before the

experiment.

6.2.2.7 SDS Polyacrylamide gelelectrophoresis (FA&E)

The purity of the proteins was analysed with SDSSEA A specific volume of the protein

was mixed with 4x SDS buffer and heated up to 953C5 min. The samples were then
loaded on 10 % SDS gels (see chapter 6.1.7.2).tidddlly a protein marker (PageRuler
Prestained Protein Ladder, Fermentas GmbH, St. -Raih was loaded. The gels were
stained with Coomassie Brilliant Blue R-250 (SEREkctrophoresis, Heidelberg, Germany)
until protein bands became visible and then desthin a destaining solution. The gels were
analyzed with the help of a gel documentation sygtéusion SL Vilber Lourmat, pEQLAB,

Germany).
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6.2.2.8 Silver staining

For more sensitive detection of protein bands s#taining was used. All buffers (see chapter
6.1.7.4) were prepared freshly at the day of uke. 0 % SDS gel was fixated overnight at
room temperature. To remove the acetic acid thevgslwashed three times with water, 50 %
ethanol and again with water. Then the gel washatad in the post-fixation buffer for 10

min and quickly washed with water afterwards. Tihees staining solution was applied to the
gel for 0 min, then quickly washed off with waterreduce the staining intensity and
developed for 5 min in the developing buffer. Wihamds started to appear the reaction was
stopped by changing to the Stop Il solution. Thienges transferred to water after 24 h and

analysed with the gel documentation system.

6.2.3 BIOPHYSICAL METHODS

6.2.3.1 Circular Dichroismus Spectroscopy

The secondary structure of purified proteins, weasngned with Circular dichroismus (CD)
spectroscopy (Jasco CD Spectropolarimeter J-81tgrefore an aliquot of the protein was
dialyzed in buffer with 50 mM NaF. The measuremenas blanked with buffer, then the

protein was diluted to 0.5 mg/ml and then measuredl mm cuvette (Tab. 6.22).

Tab. 6.22: Parameter for examining the secondary structure

PARAMETER
band width 1 nm
response 1 sec
sensitivity Standard
measurement range 260-190 nm
data pitch 0.1 nm
scanning speed 200 nm/min
accumulation 10
cell length 0.1 cm
temperature 20 °C

Additionally heat denaturation of the protein saenplas carried out, to examine the melting
temperature of the protein. The melting curve vea®rded at 220 nm and the denaturation of
the protein samples was followed over a temperagadient from 20 °C- 90 °C. Curves with

sigmoidal curvature indicated proper folding of firtetein sample.
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6.2.3.2 Nuclear Magnetic Resonance

Samples fotH and3P Nuclear Magnetic Resonance (NMR) were preparedratentrations

of 0.15-0.25 mM in their specific bufferd? NMR was measured at 243 MHz (i.e. on a 600
MHz spectrometer). Samples fSF NMR were prepared at a total concentration o5 @niV

in 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM Mg®ith addition of 120 uM AlG and 5
mM NaF. 1% spectra were recorded at 282 MHz (i.e. at a 308z Mpectrometer). The
binding site mapping for the Cdc42-AlFGAP complex was recorded on 600 or 800 MHz
spectrometers. All measurements were carried outoain temperature. Spectra were
analysed with Sparky (version 3.113; Goddard/UCLA) gsim (version 0.20.2b;
Zorin/Durham University) and images arranged in Beldlustrator 6 (Version 16.0.0, Adobe

System Incorporated, USA).

6.2.3.3 Crystallography

In order to determine the molecular structure of tArget protein, it was subjected to
crystallization. Therefore several screens in 98 plates (Art-Robbins Intelli Plates, USA)
were set up by mixing 0.3 pl of protein with 0.3dilthe reservoir solution with the help of a
Honeybee 963 crystallization robot (Genomic Sohjtidmages of the drop were obtained
with the help of the Rockimager 54 (Formulatrix, MWam MA, USA) and manually
inspected. Crystallization conditions were optindizgy hanging drop screens varying protein
concentration and concentration of the reservommanents. The following eight different
crystallization screens (Qiagen Nextal) were appbe the proteins: Classic Suite | and II,
PEGs Suite | and II, Protein Complex Suite, Joieni@e for Structural Genomics (JCSG)
Suite, PACT Suite and the Cryos Suite. Additionatigavy metal soaking experiments with
platinum and mercury salts were carried out. Helgwing platinum and mercury salts from
the Hampton Research Heavy Atom Screens were dpialiehe proteins, according to their
minimum pH: Ptl1-Pt6, Pt8, Ptl10, Pt12, Hg2 and HEB8r the soaking experiments the
crystals were transferred from the mother liquotthte solution with 10 mM of the heavy
atom salt and incubated either for few hours ormigat.

Protein crystals were picked with small nylon lodpampton) and either frozen in liquid
nitrogen at once or immersed in cryo solution befseezing. Measurements of the frozen
crystals were carried out at the Beamline PXIhat$wiss Light Source (SLS; Paul-Scherrer-
Institut, Villigen, Switzerland).
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6.2.3.4 Mass Spectrometry Analysis

For mass spectrometry analysis pulldown samples wabmitted to a gel, run on a 1D SDS
PAGE (NUPAGE 10 % BisTris gels, Invitrogen). Theoteins were visualized by freshly
made Coomassie blue staining. Destaining was peddrwith a destaining solution (see
chapter 6.1.7.2). Each lane was divided into thodeur sections for in-gel digestion. The gel
pieces were dehydrated with acetonitrile (ACN)ntkevollen at room temperature by adding
13 ng/ml sequencing-grade trypsin (Promega, Gerjnaltye digestion was performed at
37 °C overnight. The resulting peptides were ex#ddn three subsequent incubation steps
with different concentrations of CAN. Supernatawese combined, ACN was evaporated in
a vacuum centrifuge and peptides were desalted) s StageTips. The digested peptides
were separated with the help of a nano-LC (Easy;nl€@rmo Fisher Scientific, Germany),
which is coupled to an LTQ-Orbitrap-XL (Thermo FeshScientific, Germany) through a
nano-LC-MS interface (Proxeon Biosystems, GermarBgptides were eluted using a
segmented gradient of 5-90 % HPLC solvent B (80c#iamitrile in 0.5 % acetic acid) at a
flow rate of 200 nl/min over 43 min. The data asgfion was conducted in the positive ion
mode. The mass spectrometer was operated in tleeddpendent mode to automatically
switch between MS and MS/MS acquisition. Survey-$uobn MS spectra were acquired in
the mass range of m/z 300—2000 in the orbitrap ranal/ser at a resolution of 60,000. The
five most intense ions were sequentially isolated ftagmented in the linear ion trap using
collision-induced dissociation (CID) at the ion agwlation target value of 5000 and default
CID settings. The ions already selected for MS/M&enmdynamically excluded for 90 sec.
The resulting peptide fragment ions were recordetie linear ion trap.

The raw data was analysed using the MaxQuant sadtwersion 1.2.2.9 (Coat al., 2008) to
generate peak lists that can be used for dataleasehs A non-linear mass re-calibration for
each pre-cursor ion and calculates precise massegel as individual mass errors. The
derived MS data were submitted to the Andromedackeangine (Coxet al., 2011).The
acquired MS data was searched against a rat databdsin the case of the second pulldown
against a zebrafish database plus the sequencesGSW¥ srGAP1 Hs_ Cterm/GST-
srtGAP1 DR _Cterm and 248 common contaminants. Thérdineda database scores
calculated by MaxQuant were converted to posteeiwor probabilities (PEP) and false

discovery rates were set to 1 % at peptide anckjprgroup level (Eliast al., 2007).
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6.2.4 Bioinformatics

The  bioinformatics  toolkit of the MPI for Developmtal Biology
(http://toolkit.tuebingen.mpg.de/) served as afptat for a variety of sequence analysis.

Homologs of the target protein sequence were foutid PSI-BLAST (Altschul et al., 1997)
by searching against a protein database, hereameetuntant sequence database 70 (nr70).
nr70 contains representative sequences, whichilemeed for a maximum pairwise sequence
identity of 70 %. The search was restricted to 26€fuences at an E-value cut-off of 0.001,
which is the threshold for including a sequenceh®s model created by PSI-BLAST to be
used on the next iteration. The result of this deavas then subjected to cluster analysis by
pairwise BLAST P-values (Altschul et al., 1990)GhANS (Frickey et al., 2004). Here, the
sequences were clustered at a p-value 8f.10

Multiple sequence alignments were carried out VAttUSTALW. Coiled coil analysis was
carried out with the help of the Coil/Pcolil tookflPy et al., 1982; Lupas et al., 1991; Lupas et
al., 1996).

6.2.5 IN VIVO AND /N VITRO ASSAYS

6.2.5.1 Pulldown
The rat brain was weighed and buffer was addedrdicap to the weight. Then it was

homogenized with a glass potter and centrifuged.@omin at 3000 rpm. The supernatant was
centrifuged again for 40 min at 164864 g in a Ti@r. Approximately 1 ml of GSH beads
were equilibrated with lysis buffer. To pre-cle&etlysate, it was added to 600 pl of the
equilibrated GSH beads and then rotated for 30 ahid °C. This step was followed by a
centrifugation step for 10 min at 13000 rpm and shpernatant was transferred into a new
tube. 1 mg of the GST-tagged C-terminus was addeldet 400 pl of equilibrated beads and
incubated for 30 min at 4 °C. Before adding 1 mitlué pre-cleared lysate to each bead
condition, the beads were washed once with lysifeburhe incubation took place overnight
at 4 °C. The beads were washed 4x with lysis buaifiierthen taken up in 60 pl 2x SDS-buffer
and heated it up at 90 °C for 10 min. This step faewed by another centrifugation step for
10 min at 13000 rpm at 4 °C and the supernatansfeared into a new tube. 10 ul were
loaded on a BioRad TGX any kD gel (BioRad, Germaandl specific areas cut out and
analysed by mass spectrometry. The pulldown withrafesh embryos was carried out

accordingly.

48



6.2.5.2In-situ hybridization in zebrafish embryos

6.2.5.2.1 Handling of the zebrafish embryos

For the doublan-situ hybridizations fish pairs from the albino straiene setup. After 2 h,
laid eggs were picked in petri dishes and incubatezB °C. 1 mM of pronase was added to
the medium to dechorinate the embryos. After 48enédmbryos were aliquoted a 100 each
into 2 ml Eppendorf tubes and incubated overnight P64 Paraformaldehyde (PFA) at 4 °C.
After that the embryos were transferred into 100vB#0OH in several steps (25 %, 50 %,
75 %) and frozen at -20 °C.

6.2.5.2.2 Generating template farvitro transcription

The DNA probe of the target domain was generatedBR amplification from genomic
DNA. The product was then cloned into a Topo ve(ioritrogen, Germany), which has a T7
and SP6 recognition site before and after the fiogesite (Tab. 6.23).

Tab. 6.23: Different template primersfor in vitro transcription

PRIMER SEQUENCE
srGAP1 DRinsitu fv CAAAATTAACCCTCACTAAAGGGGTCAAAGAGATTCGAGCTAA
SrGAP 1_D Ri_nsi tu_rev TTGTTAACTCCCTATAGTGAGTCGTATTAGCAGCCGGATCTCAG
Robo fv— B B GGATCCTAATACGACTCACTATAGGGAGGCCGTGATGGAGGTCGACGGCG
Robo_rv ACAGGTGTCCACTCCCAGGTCCAAG

The primers for generating the Robo samples aresdhee. After analysing the end product
via sequencing, antisense RNA was generated fdr sample with ann vitro transcription
kit (Roche, Germanyyrgapl was labelled with Digoxigenin (Roche, Germany) aolabl, 2
and3 with Fluorescin (Roche, Germany).

6.2.5.2.3 Singlén situ hybridization

The singlein situ hybridization assay was carried out at room teaipee if not mentioned
otherwise in the text. Embryos of different sta{fle® hpf, 24 hpf, 30 hpf, 48 hpf and 72 hpf)
were rehydrated in a MeOH series (100 %-25 %) dmmh twashed twice in phosphate-
buffered saline (PBS) with 0.1 % 10 % Tween 20 (PB3\fter digestion with 10 pg/ml
proteinase K (Tab. 6.24) the embryos were washexttim PBST and then incubated 20 min
in 4 % PFA to refix the embryos.
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Tab. 6.24: Embryonal stagesand proteinase K digestion time

EMBRYONAL STAGES | TIME
16 hpf 4 min
24 hpf 7 min
30 hpf 10 min
48 hpf 12 min
72 hpf 20 min

After washing twice in PBST the embryos were didideto different vials and then pre-
hybridized in 200 pl Hyb buffer for 4 h at 65 °C. Embryos were hybridizeceimight at
65 °C with 1 pg RNA in 200 pl Hybbuffer. The RNA sample was taken out and the
embryos were washed with 50 % Formamide/SSCT (twc&0 min), 2 % SSCT (15 min),
0.2 % SSCT (10 min) and then blocked with blockingfer overnight. All washing steps
were carried out at 65 °C in a water bath. Fordgiection of labelled RNA a 1:5000 dilution
of Fab-AP (Roche, Germany) antibody was added ayletrrand kept at 4 °C. Then NTMT
buffer was added to embryos and incubated 4x fomd% For staining BM-Purple was
added. The embryos were incubated till all stagesewstained to the same extent. The
staining reaction was stopped with two PBST waslstegps. Then the embryos were
transferred stepwise into 50 % glycerol for mougtiRor microscopy of the embryos lateral
and dorsal views were mounted on object slidesh(Reermany) and then photographed with
a Discovery microscope (Zeiss, Germany). The pestuvere taken with the AxioVision

Software (Zeiss, Germany) and edited with Imagé2 (National Health Institute, USA).

6.2.5.2.4 Doublén-situ hybridization

All steps of this process were carried out at rdaemperature if not mentioned otherwise.
48 h old zebrafish embryos were rehydrated in pvase series of MeOH and PBS washes
and then washed 4x 5 min in PBST. Digestion ofehmoryos was performed with 10 pg /ml
proteinase K in PBST for 15 min and washed 3x ilsPBAfter refixing the embryos in 4 %
PFA for 20 min and washing 5x in PBST, the embmyese pre-hybridized in 300 pul of Hyb
buffer for 4 h at 65 °C. Samples were prepareddarey 200 ng RNA to 200 pl hybridization
buffer. Embryos were hybridized overnight in a €&Water bath. Excess of the RNA sample
was washed in several washing steps at 65 °C withSC and 50 % Formamide (15 min), 2x
SSC (4x 15 min), 0.2 SSC (4x 15 min). The reshefwashing steps with 3x with PBST were
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carried out at room temperature. For the deteabbthe labelled RNA the embryos were
incubated in a western blot reagent, diluted 1R2@BST for 2 h at room temperature. The
primary antibody sheep antiDIG (Roche, Germany) was diluted 1:5000 in west#atking
buffer. The embryos were incubated at 4 °C ovetnihe incubation step was followed by
6x of 15 min washing steps with PBST. Then the emdrwere re-blocked in western
blocking buffer for 1 h at room temperature and $keond antibody HRP-conjugated rabbit
anti-sheep (Roche, Germany) was applied in a 1d@ion to the embryos overnight at
4 °C. Again the embryos were washed 6x 15 min WBST after this incubation step and
visualized with TSA Alexa Fluor 647 (Life Technoleg, Germany) with HRP goat anti-
mouse IgG (Roche, Germany). Therefore the tyramsdéution was diluted in 1x
amplification buffer. The reaction was setup foh in the dark under agitation and at room
temperature. This was followed by 5x of 1 min waghsteps with PBST, then the HRP was
deactivated by incubating the embryos for 30 mith\gi % HO. and washed again 3x 10 min
in PBST. After reblocking the embryos for 1 h insten blocking buffer, they were
incubated ina-Fluorescin-POD (1:500 diluted) overnight at 4 °The tyramide signal
amplification detection was repeated for the seaondntibody as described for the primary

antibody. The fluorescence microscopy was carrigchba LSM 510 Meta (Zeiss, Germany).

6.2.5.3 Assays with liposomes

6.2.5.3.1 Generating the liposomes

A mix of different lipids was used in the assayablE 6.25 shows the lipid composition of the
Endo-Mix liposomes with their molecular mass, steokution and the used volume for a

2.7 mg/ml (corresponding to 4 mM) lipid mix. Theids were purchased from Avanti

(Avanti, Alabama, USA).
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Tab. 6.25: Lipid composition of the Endo-mix liposomes

LIPIDS MOLAR MASS MOLAR LIPID
(G/MOL) CONCENTRATION | WEIGHT
(%] (MG]
Cholesterol 386.65 35 541.32
Sphingomyelin 760.22 10 304.08
phosphatidylethanolamine (PE 756.36 10 302.54
phosphatidylserine (PS) 824.96 10 329.98
phosphatidylinositol (PI) 902.13 5 180.42
phosphatidylcholine (PC) 786.64 25 786.64
phosphatidylinositol-4,5- 1096.38 5 219.27
bisphosphate (P1(4,5P
@ Molar mass 666.03 Total [pg] of lipids 2664.25

To generate liposomes 1 ml of the lipid mix wasisfarred into a pear-shaped flask and 1 ml
chloroform was added. The solution is then evapdra a rotary evaporator for 60 min at
90 rpm and 30 mbar. The dried lipid film is therstespended in a specific buffer (20 mM
HEPES pH 7.5, 140 mM KCI, 10 mM NaCl, 1 mM Mg@b form multilamellar liposomes.
The flask is then covered with parafilm and haandergo a 10x freeze-thaw cycles in liquid
nitrogen and 45 °C water bath. The multilamellppsiomes are then aliquoted in Eppendorf
tubes and stored at -80 °C.

6.2.5.3.2 Co-sedimentation with high speed cergéfion

First the liposomes were brought to uniform sizéhvda 3 min sonication step. For the co-
sedimentation assay 1 mg liposomes were incubaitd5miM srGAP1 FBAR domain of
zebrafish for 2 h in a table shaker (Eppendorf,nézery) at 37 °C. This step was followed by
a high-speed centrifugation step at 21000 g at renperature for 30 minutes. Supernatant
and pellet were analysed with a 10 % SDS gel.
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6.2.5.3.3 Negative stain electron microscopy

The liposomes were brought to uniform size with ai® sonication step. Then 1 mg of
liposomes were incubated with 5 pM srGAP1 FBAR dionaéd zebrafish for 15 min. For the
liposome assay electron microscopy (EM) carbonembatrids were used. The sample was
pipetted on the grids, incubated for a while arehtabsorbed with a small tissue. The grids
were washed 3x to remove probe excess and theregtaith 1 % uranylacetate for 30 s. The

grids were imaged with a Tecnai Spirit G2.

6.2.5.4 Giant Unilamellar Vesicle (GUV) assay

For the GUV assay different lipids were mixed irifatient concentrations to mimic the
composition of the cell membrane (Tab. 6.26). Caloan of the used volume was done

according to Tab. 6.25 in chapter 6.2.5.3.1.
Tab. 6.26: Compositions of the GUVs

COMPONENT MOLAR CONCENTRATION
(%)
Cholesterol 35 %
Sphingomyelin 10 %
PE 10 %
PS 50 %
PC 5%
Pl 25 %
P1(4,5)B 5%
dicarbocyanine (DiD) 0.5%

The lipids were dissolved in chloroform to a cortcation of 2.7 mg/ml and 15 pl of the
solution were spread on platin (Pt) electrodes dned in a desiccator for 30 min. The
chamber was filled with a 300 osm sucrose solutiod the Pt electrodes are connected to a
pulse generator and an alternating voltage of 1&h§ 10 Hz is applied for 1 h 50 min. To
detach the GUVs from the electrodes a voltage »fVland 2 Hz is applied for 20 min. The
vesicles are then transferred to an observatiombhbg, filled with an iso-osmolar buffer and
let stay there to sink down to the bottom of tharoher. The proteins (5 uM) were added to
the GUVs and inverse microscopy was carried oatna®lympus Fluoview 1000 with a 60x
water objective at different time points. To labe proteins with Alexa-488-C5-maleimide,
the proteins were treated with 1 mM DTT and diatiyze 20 mM Tris and 300 mM NacCl at
pH 7.5. 100 pl of the dialysed protein sample wasibated with the dye for 2 h at 5 To
stop the reaction 1 M3-ME is added to the samples and incubated for andthh. This is
followed by a centrifugation step at 13000 rpm3amnin. To remove the free dye the sample

was purified with a small G50 column, which was igrated with the dialysis buffer.
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7. RESULTS
7.1 CHARACTERIZATION OF THE SRGAP1 PROTEIN

The srGAP family was first mentioned by Wong et ial.2001. To date four members
(srGAP1-4) have been identified, of which mostlyrfain srGAP1, srGAP2 and srGAP3 have
been characterized (Couthino-Budd et al., 2012;r@Bareet al., 2009; Mason et al., 2010;
Wong et al., 2001). Excepting the SH3 domain ofA#PE, there is no structural data available

for the domains of any member of this protein fgmil

711 BIOINFORMATICAL CLUSTER ANALYSIS OF THE SRGAP FAMILY

Homology, described as similarity through commoscgat, can be observed on a scale
ranging from genetic sequence to anatomy. A highrese of protein sequence homology

gives a strong expectation, that protein functiaiisbe retained in different species (Tatusov

et al., 1997). Here, the homology of the srGAP fana other protein families was analysed.

Therefore, the full-length srGAP1 sequence wasexiiggl to cluster analysis. Protein clusters
are created using a BLAST p-value, which takedqenléngth of the hit versus the query and
the subject. The top hits of the BLAST search d&entclustered together. All sequence
similarity searches were carried out in the MPI ifflermatics toolkit

(http://toolkit.tuebingen.mpg.de; Biegert et aD0B).

In this query the full-length srGAP1 protein seqeeenvas used to identify homologs of the
SIGAP proteins, which may help to predict strudtamad functional characteristics of the
SrGAP family. First, a PSI-BLAST search (Altschulbé, 1997) was carried out. Thereby, the
amino acid sequence is searched against a pra&bate, here tmn-redundant sequence
database 70 (nr70), for similar sequences. PSI-BLA&forms iterative BLAST searches
and builds an alignment from the best hits. Thignmhent is then used for the next search
round. The nr70 data base contains sequences, \ahecfiltered for a maximum pairwise
sequence identity of 70 %. The search was redrict2000 sequences at an E-value cut-off
of 0.001, which is the threshold for including @gence to the model created by PSI-BLAST
to be used on the next iteration. The result f fsiarch was then subjected to cluster analysis
by pairwise BLAST p-values (Altschul et al., 1990) CLANS (CLuster ANalysis of
Sequences, Frickey et al., 2004). P-values araetbfas the probability that the score of an
alignment of an evolutionarily unrelated sequenak will be higher or at least the same as
for a given alignment. Small p-values mean thatdalhgnment of a given sequence pair is

statistically relevant and is less likely by chariégggs and Atwood, 2005). Here, only
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connections of a p-value of 1Dor better were considered. Clusters are formedan
attractive and repulsive forces according to theécktrerman-Reingold algorithm (Frickey et
al., 2004). Similar sequences (represented by tlmtaje close together after a few iterations
and form one cluster.

The cluster map in Fig. 7.1 shows ten distinctteltss some containing satellite-clusters. The
clusters seem to be not closely related as indichyethe distance of the different clusters.
Analysis of the domain composition of each profamily showed that all of them contain a
FBAR domain and therefore belong to the BAR supeitia The srGAP family cluster
contains 239 sequences and is well separated feghlmouring clusters. It is connected to
the FCH and double SH3 domain protein family as welthe RhoGAP containing protein
family and the Tyrosine protein kinase Fer famife FCH and double SH3 domain protein
family consists of three sub-cluster which can e&igned to FCH and double SH3 domain 1,
FCH and double SH3 domain 2 and Nervous Wreck, lwban be only found iDrosophila.
The RhoGAP containing protein family can be onlyrfd inDictyostelium, whereas tyrosine
protein kinase Fer family consists of two sub-&ust which can be assigned to protein
kinases found in insects and in mammalse tyrosine protein kinase Fer family is an outlie
group, which is only connected to the srGAP fanaihyd to a not annotated protein in the
Cdc42 interacting family. It is also the only priotéamily with a SH2 domain and a Protein
kinase C domain. All homologous protein familiegsides the FCH domain only protein
family, contain additional domains either SH3 domsabr GAP domains. The srGAP family,
the RhoGAP containing protein family Dictyostelium and the GTPase activating proteins in
fungi are the only protein families with an annethGAP domain.
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Fig. 7.1: CLANS map of the srGAP family and their related protein families
The sequences were clustered in CLANS at a p-vait®ft of 105 based on the all-against-all pairwise similarigy a

calculated by BLAST p-values. Dots illustrate pmotsequences, whereas lines represent p-valuegeDlmes represent
lower p-values, whereas lighter lines representdrigp-values. Each colour represents one proteiilyfaalso indicated by
the colour of the labels and each cluster is labeliith a number. A legend of the domains and timaadn composition of

each protein family is illustrated below the clustep.

In Tab. 7.1 all protein families found in the clesstap are listed with their known function.

Interestingly, most of them are involved in theutagion of the cytoskeleton.

56



Tab. 7.1 Neighboring protein familieswith their known function

PROTEIN FAMILY FUNCTION
srGAP protein family Regulation of actin dynamicsll migration and differentiation
Role in neuronal morphogenesis and migration
FCH and double SH3 protein family Regulation ofrapblymerization and cell migration
Role in neuronal migration
Actin polymerization Bzz1 protein| Actin polymeri#an and endocytosis in yeast
Cdc4?2 interacting protein family Reorganizatioraofin cytoskeleton
Tyrosine protein kinase Fer family]  Regulation diracytoskeleton, microtubule assembly,
lamellipodia formation and cell migration

Growth arrest specific protein Microtubule regulation

family

FCH domain only protein family Clathrin-mediateddenytosis

Protein kinase C and Casein kinageReorganization of actin cytoskeleton and neuron
substrate family morphogenesis

RhoGAP containing protein family]  Unknown functionDictyostelium

GTPase activating proteins Unknown function in fung

A closer look at the srGAP family cluster (Nr. 5 Fig. 7.1) shows that the previously
compact cluster (at p-value cut-off of 1 disassembles and reveals six sub-clusters when

edges with p-values above ¥ are removed (Fig. 7.2).

CBN-SRGAP 1

SIGAP 1 in
roundworm ==

SsrGAP 1 and 1-like

SIGAP4-like /%

srGAP1
SrGAP2
srGAP3

Fig. 7.2: Sub-clustersin the sr GAP family cluster
Cluster analysis of the srGAP protein cluster atgiue cut-off of 1°°which separates into six sub-clusters: SRGAP1 from
Caenorhabditis, sTtGAP 1,3, srGAP1 and 1-like, sSrtGAP1, srGAP2 sn@AP3, srGAP4 and srGAP 4-like.

The small cluster of the SRGAP1 proteinienorhabditis (CBN-SRGAP1) is connected to

the bigger cluster through the srGAPL1 protein | tbundworm of pigs, which could be the
evolutionary link between theC. elegans SRGAP1 and the other srGAP proteins.
Interestingly srGAP1,3 can be only found in a fengamisms: Yellow fever mosquité\¢des

aegypti), the southern house mosquitéulex ginquefasciatus) and tick (oxedes scapularis).
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The separated part of sSTtGAP1 and srGAP 1-like prstean be found in some members of
the insects. srtGAP1, srGAP2 and srGAP3 are todairand therefore did not collapse into
different sub-clusters, whereas srGAP4 differeaidtom the big cluster. Also the srGAP4-
like proteins separate from the main srGAP4 clustéree main outlier sequences can be
detected, which can be assigned to srGAP-4 likegbgurotein in common chimpanzeRan
troglodytes), an unnamed protein in pufferfisiTefraodon nigroviridis) and srGAP1 in
atlantic salmon&almo salar) (dots from left to right). Members of srtGAP1-4vhabeen only
identified in eukaryotes. As many genomes, for g¥anthat of fish, are not fully sequenced

yet, more srGAP proteins and their isoform contagrorganisms might emerge in the future.
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71.2 DEVELOPMENTAL AND TISSUE-SPECIFIC EXPRESSION ANALYSIS
OF SRGAPIIN ZEBRAFISH EMBRYOS

The bioinformatical analysis showed that sStGAPGAIP2 and srGAP3 are highly similar, as
they can be found in one cluster, which does nohfsubclusters. This also hints a possible
conservation of the srGAPs in different organism. ®®mRNA level, expression patterns of
the srGAPs in rat, mice and human foetuses have been shoviae teimilar (Bacon et al.,
2009; Ip et al., 2011; Wong et al., 2001). Here, ¢lxpression pattern efgapl in zebrafish
embryos was analysed for the first time. Zebraitsshn excellent model system for studying
cellular, molecular and genetic developmental meigmas of vertebrates (Streisinger et al.,
1981). So far, there is no information availablgareling the mRNA expression pattern of the
srgap family in developing zebrafish embryos. In theldaling section, the spatiotemporal
gene expression patterns whapl in different stages and tissues of zebrafish eowig

analysed and described.

7.1.2.1 Gene expression pattern analysis in dewsjagzbrafish embryos

7.1.2.1.1 Expression afgapl in developing zebrafish embryos

The expression adrgapl has been studied previously in embryos and jugestdges of rats,
mice and in human foetuses and showed expressidheirbrain, specifically in retinal
ganglion cells of E15 mouse embryos, the olfactarfp of P2 mouse embryos, as well as in
the anterior subventricular zone (SVZa) of the lhoagn in P3 rats (Bacon et al., 2009; Ip et
al., 2011; Wong et al., 2001). Expression in th@apcord and the dorsal root ganglia of P2
mouse is also described, though the expressionislare not specified. Human foetuses,
ranging from 8-17 post-conceptional week (PCW),vslexpression in corticospinal axons.
However, nothing is known about the expressiorsrghpl in early embryonic and larval
stages of zebrafish. In the following the expreassid srgapl was examined with whole-
mount in-situ hybridization experiments, which provide inforneatti about the timing and
localization of the transcribed mRNA in the embryBer this a 1425 bp long sense and anti-
sense probe o$rgapl, corresponding to the FBAR domain of the srGAPatgin was
generated and labelled with digoxigenin before lpating it with fixed embryos. Figure 7.3
shows lateral views of a 24 hours post fertilizat{bpf) zebrafish embryo hybridized with the
anti-sense (Fig. 7.3 A) and the negative controksegrobe (Fig. 7.3 B). As seen in Fig. 7.3
A, strongsrgapl expression is concentrated in the fore-, mid-, lindbrain as well as in the

retina, the spinal cord and the tail of the zekBtaBmbryo. No signal can be observed with the
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sense RNA probe (Fig. 7.3 B), thus confirming tpecsficity of the signal of the anti-sense
probe ofsrgapl in Fig. 7.3 A.

(A)

24hpf ~ MB—

SC
(B) f 1

24 hpf

O .

Fig. 7.3: Single in-situ hybridization experiment to analyse expression patterns of srgapl in different developmental
stages of zebrafish embryos

For the singlén-situ hybridization experiment theggapl RNA was Digoxigenin-labelled, detected with AP-aaygtedo-
DIG antibody and developed with NBT-BCIP. The stagesiadicated in hours post-fertilization. (A) Laakview of a
24 hpf zebrafish embryo with the anti-sense RNA prdlabels indicate major expression areasfgapl in fore-, mid- and
hindbrain as well as spinal cord and tail. (B) Lakesiew of a 24 hpf zebrafish embryo with the seR$A probe (labels
indicate main parts of the embryo) Abbreviations:bBain; FB, forebrain; HB, hindbrain; MB, midbrain; Rigtina; SC,
spinal cord; T, tail. Images were taken with atigcbvery microscope (Zeiss) with 80x resolutional8dar: 5 um

These results fit well the expression patterns meskin rat and mouse embryos, as well as
human foetuses (Bacon et al., 2009; Ip et al., 20¥bng et al., 2001), leading to the
conclusion that the expression sitesrgfapl are conserved in different vertebrate organisms.
The expression ofrgapl in the central nervous system (CNS) correlated wéh the
predicted role ofrgapl in neuronal processes, such as axon guidanceamdmgrowth (Ip

et al., 2011). Therefore, a possible correlatiosrgépl expression with the expression of its

predicted interaction partnersbol, robo2, robo3 was investigated in the following.
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7.1.2.1.2 Comparison of the expression pattesngzpl with robol-3

The Robo family, cell-surface receptors for Shjinds, represent possible interaction partners
for the srGAP1 protein vivo and play a major role in neuronal migration, axpidance,
vessel integrity and angiogenesis in case of Robo4his chapter, the comparison of the
expression sites of three zebrafigbbo genes r(obol-robo3) with srgapl in zebrafish is
described. While the extracellular domains ofrthlao 1-3 genes are conserved (see Tab. 7.2),
robo4 shows less similarity with only 48 %-51 %abol, robo2 androbo3 show similar but
distinct expression patterns in the zebrafish emdb{{Campbell et al., 2007; Lee et al., 2001,
Miyasaka et al., 2005; Thisse et al., 2001; Thessal., 2008 (direct Zfin database entry)),
whereasrobo4 has been described to be expressed in embryostubedure (Kaur et al.,
2007). This study concentrates oobol-3, as based on literature data they seem to be

involved in similar cellular functions as assumedstgapl.

Tab. 7.2: Comparison of the DNA sequence identities of the four robo genes of zebrafish

GENE SEQUENCE IDENTITY
robol-robo2 65 %
robol-robo3 63 %
robol-robo4 48 %
robo2 —+obo3 65 %
robo2-robo4 51 %
robo3-robo4 49 %

To determine whethesrgapl expression is similar to one of the threabo receptors,
zebrafish embryos at 16 hpf, 24 hpf, 30 hpf anthgiBvere prepared and whole-moumsitu
hybridization experiments were carried out, usihg probes described above. Here, the
probes were developed by using BM-Purple as substfag. 7.4 shows lateral views of
16 hpf, 24 hpf, 30 hpf, and 48 hpf old zebrafistbeyns. As seen in Fig. 7.4 columrsigapl
expression is detectable in neuronal tissues atstajes of development, with highest
expression levels in the brain. The panels in coldig. 7.4 1l display the expression pattern
of robol. robol expression sites are in fore-, mid- and hindbeainvell as in the spinal cord.
In the 48 hpf stageobol is also expressed in the branchial arches. Theessgion sites match
the data for theobol expression sites in zebrafish published by Led.e2001 and Thisse et
al., 2008. Forrobo2 (Fig. 7.4 column IIl) expression sites can be seefore-, mid- and

hindbrain, as well as in spinal cord (Fig. 7.4 @) aetina (Fig. 7.4 O). Overall, the expression
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patterns ofrobo2 in the forebrain seem to be more spatially resttichan that ofobol,
which is especially obvious at 24 hpf (Fig. 7.4 Gimilar observations farobo2 expression
sites in zebrafish embryos were described befoanfibell et al., 2007; Lee et al., 2001 and
Miyasakaet al., 2005)In Fig. 7.4 column IV the expression patternsriaso3 are shown in
fore-, mid- and hindbrain, as well as in the re(iRy. 7.4 P), spinal cord and tail. This pattern
is reminiscent of theobol expression pattermobo3 exhibits more ubiquitous expression in
the brain thamobo2. Other studies support these data showing sirakpression patterns for
robo3 (Campbell et al., 2007, Lee et al., 2001 and Ehistsal., 2001). The expression of
srgapl resembles that afobol androbo3. Absolute expression levels cannot be compared
between individual images since signal intensitezs1 vary due to the experimental
conditions. For instance, all four genes (Fig. ilb#w M-P) show weaker expression in the
spinal cord at 48 hpf, which could be caused bi Ecprobe penetration due to insufficient
permeabilization by proteinase K or due to furteveloped muscle tissue. Similar effects
can be seen in the data published by Lee et d&1.26deed, this effect is well-known for
situ hybridization experiments, and can be overcomejymizing proteinase K digestion
conditions. To more closely investigate whetlgapl expression mimics that ebbol and
possibly robo3, the dorsal view of 30 hpf and 48 hpf heads weralied at higher
magnification (Fig. 7.5). Figure 7.5 A shows a suh#c view of the zebrafish brain in which
fore-, mid- and hindbrain, as well as the retiralabelled in order to aid in the identification.
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Fig. 7.4: Comparison of the gene expression patternsfor srgapl, robol, robo2 and robo3 at different developmental stages of zebrafish embryos
(A-P) For the singlén-situ hybridization assays the individual RNA probes avBigoxigenin-labelled, detected with AP-conjugateB®IG antibody and developed with BM-Purple. The

embryos are shown in lateral view. The stagesratieated in hours post-fertilization. Labels shaigtidct expression patterns sfgapl, robol, robo2 androbo3 in brain and spinal cord.
Abbreviations: BA, branchial arches; FB, forebradiB, hindbrain; MB, midbrain; RT, retina; SC, spliward; T, tail, TeO, tectum. Images were takea &tiscovery microscope (Zeiss) with

80x resolution. Scale bars: 5 um 63
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RT
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48 hpf

Fig. 7.5: Gene expression patterns of srgapl, robol, robo2 and robo3 in the brain of developing zebrafish embryos
(A) Scheme of a zebrafish embryo head with labékh® main brain parts. (B-l) In the singlesitu hybridization assays the individual RNA probes adigoxigenin-labelled, detected with AP-

conjugatedy-digoxigenin antibody and developed with BM-Purplée heads of the embryos are shown in dorsal viétws stages are indicated in hours post-fertibratlLabels show specific
expression sites fargapl, robol, robo2 androbo3 in the CNS. Abbreviations: FB, forebrain; HB, himdin; MB, midbrain; MHB, mid-hindbrain boundary;BOolfactory bulb; OE, olfactory
epithelium; OP, olfactory pit; PF, pectoral fin; RE€tina; TeO, tectum; VZ, ventricular zone. Imagese taken at a Zeiss Discovery microscope witbxI&solution. Scale bar: 10um
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As seen in Fig. 7.5, even at higher magnificatiod &#om a different perspective;gapl
expression appears to bbiquitous, but with higher expression levels ia thgion posterior
to the mid-hindbrain boundary, as well as in thetpel fins and the retina (Fig. 7.5 B and F).
robol expression can be mainly observed in the fore-; @l hind brain, as well as in the
tectum and the retina (Fig. 7.5 C and G). Espsacial 48 hpf, the expression patterns of
srgapl androbol resemble each othenho2 expression sites can be found primarily in fore-
and hindbrain, as well as in the olfactory epithwliand the olfactory bulb (Fig. 7.5 D and H).
robo2 shows distinct expression sites in specific nuofethe fore- and hindbrain, whereas
srgapl androbol are ubiquitously expressed in fore- and hindbraifo3 appears to be
expressed in fore-, mid- and hindbrain, the middbimnain boundary, as well as in the retina
and the olfactory pit (Fig. 7.5 E and I). This eagsion pattern resembles thatsajapl and
robol. Table 7.3 shows a summary of all expression §ies gapl, robol, robo2 androbo3
during early zebrafish embryonic development.

Tab. 7.3: Summary of major expression sites for srgapl, robol, robo2 and robo3 in developing zebrafish embryos
(asterisks mark published expression sites, which are not visible here)

branchial arches
forebrain
hindbrain
midbrain
olfactory bulb
olfactory epithelium
olfactory pit
pectoral fins
retina

spinal cord
ventricular zone
tail

tectum

The data shows simultaneous expression of all §@umes in many areas of the brain. The
examination at higher magnification strengtheneal liipothesis thadrgapl androbol are
expressed in the same tissues in the zebrafishyesibfo investigate the co-localization of
srgapl, robol and possiblyrobo2 androbo3 in more detail, |1 continued with fluorescence
doublein-situ hybridization experiments.
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7.1.2.2srgapl co-localizes wittrobol in developing zebrafish embryos

In the previous section the expressionsofjapl and robol in overlapping domains in
zebrafish embryos was shown. To identify, if bgdnes are co-expressed and co-localize to
identical cells within overlapping expression donsai two-colour-fluorescentin-situ
hybridization (FISH) was carried out. This methdddtaneously visualizes expression
patterns of multiple mMRNAs in the same tissue obmim preparation (Fig. 7.6 and Fig 7.7).
For this experimental setup tlsegapl probe was labelled with fluorescein and tiobol
probe with digoxigenin. Figures 7.6 A-C show donrgalws of the head of a 48 hpf zebrafish
embryo. The first two panels (A and B) display thgression sites forgapl and robol
individually, whereas the last panel shows bothresgion sites merged in one image. Panel C
in Fig. 7.6 indicates compatible expression sitesifgapl androbol in specific nuclei of the
fore- and hindbrain, visible through the orangeuaahg in these regions.

merge

Fig. 7.6: Double in-situ hybridization experimentsfor srgapl and the robol receptor genein 48 hpf zebrafish embryos
Gene expression patternssofiapl androbol in 48 hpf embryossrgapl mRNA is labelled with fluorescein (green). The
robol receptor mRNA is labelled with digoxigenin (red)-C) Dorsal views of a zebrafish embryo head witpression of
srgapl androbol in fore- and hindbrain. (D-F) Lateral view of tlspinal cord shows expression for both genes. Single
channels (A, B, D, E) and overlays of two chann€lsaqid F) are shown. Abbreviations: FB, forebrain; HiBdbrain; SC,
spinal cord. Images were recorded at a Zeiss LSN1A fluorescence microscope, with 40x resoluttrale barss um.

The panels D-F in Fig. 7.6 show a lateral viewhs $pinal cord of a zebrafish embryo. Both
MRNAs are expressed in the spinal cord and coiloecéb a large extent here as well. The

expression patterns visualized here with two-col@H fit well with my hypothesis of a co-
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localization ofsrgapl androbol in zebrafish embryos and are consistent with dsailts in
other vertebrates such as rat, mouse and humart(i@l., 2011; Wong et al., 2001),
suggesting an evolutionary conserved involvemeittod partners. The expression pattern of
robol is thought to be closely linked to its functionneaural development, including neuronal
migration and axonal growth. Therefore, it is likeahat srgapl is also involved in these
processes.

Next, the possible co-localization sfgapl androbo2 was examined. For this experiment, a
srgapl probe labelled with digoxigenin andrabo2 probe labelled with fluorescein were
used. Figures 7.7 A-C show dorsal views of a seatioa 48 hpf embryo brain, focusing on
the mid- and hindbrain regions. The first two pan@ and B) show the expression patterns
for srgapl androbo2, respectively. Expression efgapl in the tectum and large areas of the
hindbrain appears to be very low in this doublseitu experiment. Stronger expression can be
seen in one of the rhombomeres, namely rhombomefelt& hindbrainrobo2 is expressed

in the tectum and large parts of the hindbrain ahdws specific expression confined to
rhombomere 2. The rhombomeres were assigned basecbmparisons with published
studies (Maves et al., 2002; Moens and Prince.22B@ince et al., 1998). To ascertain the
assignment, doublie-situ experiments with rhombomere-specific markers aeessary. An
overlay of both signals did not show overlappingression ofrgapl androbo2 in the brain.

In Fig 7.7 D-F lateral views of the spinal cord displayed.srgapl shows again very weak
expression in this experiment, wheregabo2 shows a strong expression in the spinal cord.
srgapl seems to be generally expressed in a lower lbaglirbbol-3. Here, in contrast to the

srgapl/robol pair, no overlapping expression is observed.
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Fig. 7.7: Doublein-situ hybridization experimentsfor srgapl and the robo2 receptor genein 48 hpf zebrafish embryos
Gene expression patterns sfapl androbo2 in 48 hpf embryossrgapl mRNA is labelled with digoxigenin (red). The
robo2 receptor mRNA is labelled with fluorescein (gredfypression ofrgapl seems to be generally lower in two-colour-
fluorescent experiments. (A-C) Dorsal views of tliedbrain of a zebrafish embryo, (D-F) Lateral viesighe spinal cord.
Single channels (A, B, D, E) and overlays of thenalg of both channels (C and F) are shown. Abbrieviat R2,
rhombomere 2 R3, rhombomere 3, SC, spinal cord; Te€um. Images were recorded at a Zeiss LSM510 Meta
fluorescence microscope, with 40x resolution. Sbale: 5 pm.

Double in-situ experiments rely on the hybridization with a mnetwf differently labelled
RNA probes. Here, fluorescein-labellsdjapl provided strong sensitivity as seen in Fig. 7.6,
while digoxigenin-labeledsrgapl was significantly less sensitive in all performed
experiments, as seen in Fig. 7.7 A and D. Therefbrevould be recommendable to use
digoxigenin for the strongest expressed transdnigte the obo genes, and flourescein for the
weakersrgapl probe in two-colour-fluorescent hybridization expeents.

Nevertheless, the results of the doulblsitu hybridization ofsrgapl androbo2 indicate that
these genes have exclusive expression sites, whitlbe clearly observed in the differently
confined rhombomere expression. This sugge$/apl androbo2 are involved in different
steps, at different places during neuronal devetagm

Since robol and robo3 show similar mMRNA expression patterns, it wouldvénebeen
interesting to determine if both of them also cealize, hinting a possible interaction of both.
However, multiple attempts to carry out doubie-situ hybridization withrobo3 were not

successful, even when every component of the asssychapter 6.1.7.7) was exchanged.

68



The expression patterns of the singtesitu experiments forobo3 suggest possible co-
localization withsrgapl.

Overall, | was able to show thatbol co-localizes withsrgapl in the brain and spinal cord,
indicating that the respective proteins have thtemal to interacin vivo, which is consistent
with the results of previous studies (Bacon et 2009; Ip et al., 2011; Wong et al., 2001).
robo2, however does not appear to be a potential itierapartner ofsrgapl, confirming
different roles of therobo genes during embryonic development (Lee et alQ1R0The
analysis of thergapl expression in developing zebrafish embryos cordtrts expression in
neuronal tissues, as observed in other species, shpporting its likely involvement in

neuronal processes.
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7.1.3 STRUCTURAL ANALYSIS OF THE SRGAP1 FBAR DOMAIN

Membrane sculpting and re-organization of the actitoskeleton are crucial steps during
important cellular processes like endocytosis, sefration and cell division. BAR domain
containing proteins are central regulators of memérremodelling. sTtGAP1 consists of a
FBAR domain, a GAP domain, a SH3 domain and a @itexl domain. As referred to in
chapter 3.3 the srGAP family was described as bparg of the recently emerged I-FBAR
subfamily in the BAR domain superfamily, which aaid to functionally mimic I-BARs
(Guerrier et al., 2009). The structure of the I-BA&mnain differs from the classical BAR and
FBAR domains by its shape as it is more zeppeka-ind exhibits less curvature. The
positively charged amino acids required for thedbig to the negatively charged membrane
are located at the convex surface of I-BARs andamothe concave side as for other BAR
domains (Millard et al., 2005). This leads to apagite effect when binding to membranes.
The structural mechanism and the membrane bindotyitg of the I-FBAR domain
subfamily has not been solved yet and it is nowkmbow these domains promote membrane
protrusions, instead of membrane invaginatiansvivo. In order to understand this

mechanism, | aimed to structurally characterizeRBAR domain of sSrGAPL1.

7.1.3.1 The human srGAP1 FBAR domain

Initially, | started with FBAR fragments of the ham srGAPL1 protein, as there were already
functional characterizations published for the hnmeGAP2 FBAR domain (Guerrier et al.,
2009; Mason et al., 2011). Various constructs ef tliman srGAP1 FBAR domain were
overexpressed in BL21 cells. Table 7.4 summaribesresults achieved with all cloned

human FBAR constructs.
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Tab. 7.4: List of cloned human srGAP1 FBAR domain constructs with their expression vector and obtained results.
Thered-labelled construct was used for further analysis

HUMAN SRGAPT FBAR VECTOR RESULT
FRAGMENTS
GST-srGAP1_FBAR 1-468 pPpGEX6P1 | « weak expression
csT- S

1 468
His_srGAP1 FBAR_ 1-468 pPET47b e insoluble
sris- (D « refolding with guanidinium chloride, protein

1 268 not stable

» refolding with 8 M urea, degradation
e detergent screen: 2.5 % N-lauryl-sarcosyl
partly solubilizes the protein
NusA _srGAP1-FBAR_21-468 PET-NusA | insoluble
NusA. (D
21 468
NusA-srGAP1-FBAR_31-510 PET-NusA | insoluble
Nusa- - (I
31 510

His_srGAP1_FBAR_1-468 loop | pET47b insoluble
mutant
oris- S 1D

1 468

The FBAR fragment (1-468 aa) fused to an N-term@®3IT-tag showed weak expression in
BL21 cells and was partly soluble. The collectextfions revealed a major protein band with
a molecular weight of 55 kDa in the flow-throughytinot in the elution fraction. This
indicated that the N-terminal GST-tag is probaly accessible and therefore the protein did
not bind to the GSH column. | continued with thenthg of a FBAR fragment (1-468 aa)
with a N-terminal His-tag yielding a protein fragnt¢hat was insoluble as well. Several un-
and refolding trials with guanidinium chloride orea were not successful, as the protein
precipitated in lower concentrations of the solaimlg reagents and was not properly folded.
This was confirmed by 1D NMR (Dr. Murray Coles, g@mmal communication). In order to
identify conditions useful for purification, sollisation trials with a series of detergents were
performed. Among the examined detergents only sgtcan anionic detergent, was able to
partly solubilize the protein. Therefore, the pgation scheme for the srGAP1 FBAR
domain was adapted and the protein purified withsrap column in the presence of 2.5 %

sarcosyl, followed by a gelfiltration step with 20 column in the presence of 0.5 %
71



sarcosyl in the final purification step. Figure &Bows a protein band at approximately
55 kDa on SDS-PAGE as assessed by Coomassie Blumngt Several bands below the
actual protein band suggest degradation of theepraduring the course of purification.
Sarcosyl represents a non-dialyzable detergenteldre, its interference in crystallization
screenings makes the use of higher concentratibriheo anionic detergent in the final

purification step in order to increase the yielgafe protein not applicable.
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Fig. 7.8: 10 % SDS gel after gelfiltration chromatography S75 of the human srGAP1 FBAR domain after detergent-
mediated solubilisation of Hiss-srGAP1-FBAR domain

The 10 % SDS gel shows the eluted protein afteglfiltgation chromatography. Bands occurring loweart 55 kDa, show
degradation of the protein. The SDS gel was stawidtdCoomassie Blue. (1) ProteinPage Plus Rulerel{&)on fractions of
the human srGAP1 FBAR domain (indicated with an ayrow

Despite degradation, the purified HEGAP1 FBAR protein (Fig. 7.8) from independent
purification attempts was subjected to multiple stajlization screenings, but even after
extensive attempts no protein crystals could bainbd. In order to increase the stability of
the protein construct further, the sequence ohtiraan srGAP1 FBAR was re-assessed more
closely. Proper determination of the N-terminahadl as the C-terminal boundaries is well
known to play an important role in the solubilitpdaexpression properties of a protein
(Graslund et al., 2008). Using the coils/pcoilsl toom the Bioinformatic Toolkit of the MPI
Tuebingen (http://toolkit.tuebingen.mpg.de) extahdeiled coil parts were identified at the

N-terminal part of the human srGAP1 FBAR domaing(R.9). Comparisons with known
structures of BAR domains revealed the absencéeadet types of N-termini in most of the
BAR domains starting from around amino acids number (for example pdb: 2EFK,
Shimada et al., 2007; 2EFL, Shimada et al., 2003\, Bai et al., 2012).
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Fig. 7.9: Cailed coil sitesin the human st GAP1 FBAR domain sequence

Prediction of coiled cail sites in the human srGAFBAR domain sequence with coiled coil areas at titeriinal region
from 1-50 aa, three smaller areas between 150-8Gihd another site at the C-terminus from 350-400ze be observed.
The colours correspond to different sliding windowsith 14 (green), 21 (blue) and 24 (red) residues

(http://toolkit.tuebingen.mpg.de

Based on the results of this analysis, shorter taacts were designed and expressed. In
addition, a FBAR fragment containing a mutatiorthie loop region from 190-220 aa, which
is composed of a large fraction of hydrophobicdess, was cloned. However, no soluble
protein was obtained from the cloned FBAR conssragain (see Tab. 7.4). Taken together,
all types of constructs of the human srGAP1 FBARndm did no yield soluble protein,

which could be used for subsequent structural arsabf the domain.

7.1.3.2 The SRGAP1 FBAR domain fexfistionchus pacificus

As no structural data could be obtained from th@dmw srGAP1 FBAR domain, the work was
focused in the following on the FBAR domains of twther organismsPristionchus
pacificus and Danio rerio. Table 7.5 shows a sequence comparison betweelrBAd&R

domains of all three organisms.

Tab. 7.5: Comparison of the sequence identities of the srGAP1 FBAR domain of Homo sapiens, Pristionchus pacificus
and Daniorerio

NAME SEQUENCE IDENTITY FOR THE FBAR
DOMAIN
Homo sapiens-Pristionchus pacificus 33 %
Homo sapiens-Danio rerio 92 %
Danio rerio-Pristionchus pacificus 32%
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Human srGAP1 FBAR domain and the SRGAP1 FBAR donadiPristionchus pacificus
share a mere sequence identity of 33 %, whereashimman and zebrafish FBAR domains
are 92 % identical. The level of sequence idemntdityPristionchus pacificus and zebrafish
corresponds with 32 % to the grade of sequencdiigdretween the human aritistionchus
srGAP1 FBAR domain. So, by choosing these organisigbly similar and distantly related
srGAP1 FBAR domains were covered with the intentmiget protein fragments that can be
more easily handled during purification and funcéibcharacterization of the srGAP1 FBAR
domain.

In a next step the SRGAP1 FBAR domainRofstionchus pacificus was overexpressed and
purified. The FBAR domain border was designed according ¢ordéisults of the coils/pcoils
analysis (Fig. 7.9). Hence, the FBAR domain waadated at the N-terminus, resulting in a
fragment from 20-460 aa with a molecular weigh#8fkDa. However, the FBAR fragment
of Pristionchus pacificus was also not soluble. Solubilisation trials withnamber of
detergents were performed. The zwitterionic deterg@HAPS showed the best result and
partly solubilized the protein. The purification svaarried out with 1 % of the detergent.
Unfortunately, the FBAR domain was degraded duthmey purification process. In order to
yield properly folded protein and to reduce degtiada the protein was unfolded in 8 M urea.
Subsequent refolding with lower concentrations b€ tsolubilizing reagent, lead to
degradation during the purification process as.well

7.1.3.3 The srGAP1 FBAR domain of zebrafish

In addition to the srGAP1 FBAR domain bfomo sapiens and Pristionchus pacificus, |
overexpressed and purified the FBAR domain fronrafeth. Corresponding to the FBAR
domain fromPristionchus pacificus, the first 25 aa at the N-terminal part of the damwere
truncated, resulting in a fragment from amino ack#s473 with a molecular weight of
53 kDa. This protein construct was not solubleezitiherefore, a detergent screening was
carried out. Similar to the human construct, hexavall only the anionic detergent sarcosyl
was able to solubilize the protein. Hence, 1 %astasyl was used in the early purification
steps. The concentration of the detergent was egdtw a final concentration of 0.25 %
during the subsequent gelfiltration step. In a adcapproach the protein was unfolded with
8 M urea and refolded by dialysis with stepwiseutibn of the urea concentration. For both
purified samples, the first in the presence of B&cosyl and the latter refolded, secondary

structure determination was performed via CD spsctipy. CD spectroscopy is defined as
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the measurement of unequal absorption of left-h@radel right-handed circularly polarized
light. When light is polarized by passing throughsms or filters its electric field will

oscillate sinusoidally in a single plane. When deauoale interacts with the light, it will absorb
right and left handed circularly polarized lightddferent extents (Greenfield, 2006). Figure

7.10 shows the secondary structure analysis aftérgurification methods.
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Fig. 7.10: Comparison of CD-spectra representing secondary structure of the FBAR domain from zebrafish purified
by detergent or by Urea unfolding

The blue line shows the CD spectrum of the srGAP1 RBlAmain after purification with sarcosyl. The ficaincentration
of sarcosyl is 0.25 %. The red line shows the Cxtspm after refolding. For the measurement the S*GABAR protein
was diluted to 1 mg/ml in 20 mM Tris pH 8.0 andrB™ NaF buffer. 10 spectra were recorded on a J8gpestrometer J-
810 at room temperature. The resulting spectra axgeaged.

The CD spectrum of the protein purified in the pre=e of sarcosyl resembles a folaed
helical protein with two minima at 208 and 222 nistué line), whereas the refolded F-BAR
domain appears to be only partly folded, which Inee® apparent by shifts of the two minima
to 205 and 215 nm (red line). As mentioned in chiaptl.4.1 the protein sample containing
sarcosyl did not yield any protein crystals for thenan srGAP1 FBAR domain. Sarcosyl is
also known to be a harsh detergent with possilikrfarence in lipid-baseth vitro assays,
which are used to test the activity of the srGABIAR domain. As an alternative strategy
and to obtain detergent-free protein, the proteas werexpressed i coli LEMO21 (DES3)
cells. These cells are specifically designed fomimeane proteins and proteins with solubility
issues. The overexpression resulted in partly $elptotein, in the case that another, weaker
detergent (1 % n-Dodec@tD-maltoside;3-DDM) was used after the cell lysis and during the
purification process3-DDM is a non-ionic, less harsh detergent, whiclksnot interfere in
crystallization setups and lipid-baséd vitro assays. The concentration pfDDM was

reduced to 0.1 % in the final protein pool. The oselary structure analysis by CD
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spectroscopy clearly showeshelical secondary structure elements with two maniat 208
and 222 nm (Fig. 7.11). Additionally, 1D NMR mea=suments confirmed proper folding of

the FBAR domain (Dr. Murray Coles, personal comroation).
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Fig. 7.11: Secondary structure analysis of the sr GAP1 FBAR domain of zebrafish with CD-spectr oscopy

For the he secondary structure analysis of the RGPBAR domain of zebrafish 1 mg/ml of the srTGAP1 FB#RBtein was
diluted in 20 mM Tris pH 8.0 and 50 mM NaF buffé0 spectra were recorded on a Jasco Spectrom&tH) at room
temperature. The resulting spectrum was averaged.

In order to analyse the oligomeric state of thisflgd FBAR domain in detail, a static light
scattering experiment was carried out (Fig. 7.L®)ht scattering is an optical technique that
measures the intensity of the scattered light ipeddence of the scattering angle to obtain
information on the molecular weight of a polymeheTprotein was loaded on a size exclusion
column and eluted in one peak with a calculatedemgar weight of 110 kDa, indicating the

presence of dimers.
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Fig. 7.12: Static light scattering profile of the srGAP1 FBAR domain of zebr afish

For determining the molecular mass the protein ¢Inm) was loaded on a Wyatt SEC column and run @ighml/min at
4 °C. The FBAR domain of srGAP1 eluted in one peak witalculated size of 100 kDa (green line), whiaticates the
presence of dimers. The chromatogram displays wmaphg: in blue the refractive index and in the gréee molecular
weight.

76



The result of the light-scattering experiment conéd that FBAR domains have the tendency
to dimerize. In the next step, the purified recamabt protein was setup for several
crystallization screenings, but all attempts tcaobtrystals for the srtGAP1 FBAR domain of
zebrafish, were not successful.

Taken together, the srGAP1 FBAR domain was proeehet a domain difficult to analyse
structurally as proteins from different organismsd awith different tags did not yield
diffracting crystals. Screening more constructshwiarying N- and C-termini might succeed
in obtaining more stable protein fragments withrameased tendency to crystallize.

In the following functional characterization of tseGAP1 FBAR domain of zebrafish were

carried out, to examine the activity and the eftddhe FBAR domain.

714 FUNCTIONAL CHARACTERIZATION OF THE SRGAPT FBAR
DOMAIN OF ZEBRAFISH

Classical FBAR domains bind to the negatively chdrghembrane and lead to membrane
invagination, whereas I-FBARs have a contrary efteg inducing membrane protrusion.
When expressed in Cos7 or cortical neuron cells REBlamains of the srGAP family led to
filopodia formation (Coutinho-Budd et al., 2012; &der et al.,, 2009), instead of
invaginations, as it would occur for a classicalARBdomain like FBP17 (Kamioka et al.,
2004). In a previous study it was also reporteat the human FBAR domain of srGAP2
binds to brain-derived liposomes and leads to dmméation of tubules when it is introduced
into liposomes through sonication (Guerrier et 2009). To understand how FBAR domain
proteins interact with the membrane and how they ragulated, the membrane binding
properties of the FBAR domain of srtGAP1 from zeistafvas examined using differeim:
vitro assays. For this purpose | used liposomes and gidlamellar vesicles, both frequently
employed as models for biological membranes inl®adcal and biophysical studies (Hotani
et al., 1999; Lasic et al., 1995). The effect & #BAR domain was monitored by electron
microscopy and later fluorescence microscopy. Asedinentation assay with negatively
charged liposomes was also carried out, to deterrthie liposome binding activity of the
SrGAP1 FBAR domain.

7.1.4.1 The srGAP1 FBAR domain of zebrafish coisegits with neqgatively charged
liposomes

As mentioned above, liposomes are used as moddimlogical membranes, to examiime
vitro effects of membrane-binding proteins. In ordeanalyse, if the purified FBAR domain
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of srGAP1 can directly bind to liposomes a co-setitation assay was used. Co-
sedimentation assays are based on the sedimentdtiateracting proteins with liposomes
during high-speed centrifugation. This was previggsiown for cofilin-1, which is involved
in cell motility and endocytosis (Zhao et al., 2R16or this assay a lipid mix, which
physiologically mimics the composition of the negaly charged cell membrane, called
Endomix was used.

The liposomes were made from cholesterol/sphingdmiaE/PS/PI/PC/PI(4,50Pin a ratio

of 1:0.28:0.28:0.28:0.14:0.02 (Corbin et al., 200Hiyst, 5 uM of purified srGAP1 FBAR
domain were incubated with 1 mg/ml of liposomes 2oh at 37 °C. Then, the protein-
liposome mixture was centrifuged at high-speed Q03@m). The supernatants were removed
and the pellets were resuspended in the originainwe of 30 ul. As no sucrose layer was
used, the liposomes should sediment to the pellehgl the centrifugation step. Aliquots of
the supernatant and pellet fraction were subjettdesi 10 % SDS gel and stained with silver
staining (Fig. 7.13).
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Fig. 7.13: Binding of the srGAP1 FBAR domain of zebrafish to negatively charged liposomes

The ability of the FBAR domain of sSrGAP1 to bindlifmosomes was evaluated using co-sedimentation.FBAR domain
(5 M) was incubated with 1 mg/ml of the liposomé& fior 2 h at 37 °C. After centrifugation at 130Q@hr for 10 min,
supernatants and pellets were analysed by 10 % FSAEE. The gel was stained with silver staining. $8ndard, (1) 1
mg/ml liposomes alone, (2) 1 mg/ml liposomes withtein buffer (20 mM Tris, pH 8, 300 mM NacCl, (3)pernatant of the
srGAP1 FBAR domain protein (5uM), (4) pellet of th&sAP1 FBAR domain protein (5uM), (5) supernatani ahg/ml
liposomes and 5 uM of the srGAP1 FBAR domain, (6)epelith 1 mg/ml liposomes and 5 uM of the srGAPBAR
domain. Black label indicates molecular weight @& $nGAP1 FBAR domain (54 kDa)

As controls, liposomes alone (Fig. 7.13, lane &) the FBAR domain in buffer (Fig. 7.13,
lane 3-4) were subjected to the same steps asthgles. Both controls serve to identify, if the
liposomes alone or the protein itself have the ¢éeg to precipitate. The strong band in lane
3 indicates that the srGAP1 FBAR domain can be doumthe supernatant. As shown in
Fig. 7.13, lane 6 the FBAR domain of srtGAP1 sedite@rwith the liposomes. A blurred
band can be observed in the pellet fraction. Thasdbis approximately at the molecular
weight of the srGAP1 FBAR domain (54 kDa, indicateith black line). The blurred and
78



weaker band can be explained by the presence ofigbhsomes and the volume of the
samples which were used on the SDS gel. The rekthlie co-sedimentation suggests that the
FBAR domain of srGAP1 binds to negatively charggddomes. With this first indication
and to further support this result, the effectltd FBAR domain of srtGAP1 on preformed

liposomes was examined with negative stain eleatrmnoscopy.

7.1.4.2 The srGAP1 FBAR domain of zebrafish leadsdentations of charged liposomes

FBAR domains have been shown to bind to liposonnesli@ad to deformation or tubulation

(Frost et al., 2008; Shimada et al., 2007). Mudtipublications use negative stain electron
microscopy to analyse the effect of FBAR domainslippsomes (Boucrot et al., 2012;

Guerrier et al., 2009; Shimada et al., 2007). Trecatly examine the membrane deforming
properties of the srGAP1 FBAR domain the purifieBAP1 FBAR domain of zebrafish was

incubated with preformed liposomes. The sample® weretted on carbon coated grids and
stained with 1 % uranylacetate to visualize themnlegative stain electron microscopy
(Fig. 7.14).

buffer negative control srGAP1 FBAR
A B 4 <
@ )

Fig. 7.14: Deformation of negatively charged liposomes by the srGAP1 FBAR domain
Negative stain electron microscopy of negativelgrgled liposomes incubated with (A) buffer, (B) lipogs incubated with

DHPH domain of Intersectin as negative control é&djliposomes incubated with the FBAR domain of srGARIL grids
were stained with 1 % uranylacetate. Arrows indiakformation. Scale bars: 2 pm.

In Fig 7.14 A liposomes were incubated with bufdwne. When liposomes were incubated
with the DHPH domain of the adaptor protein Intetsge no deformation was observed. The
DHPH domain is known to bind to membranes withooducing a deforming effect
(Zamanian and Kelly, 2003). Figure 7.14 C displagesomes incubated with the srGAP1
FBAR domain. Interestingly, no tubulation of thpdsomes can be seen as reported for the
FBAR domains of FBP17, CIP4 and Syndapin (Itolalet2005; Shimada et al., 2010), but
slight indentations of the preformed liposomes.sTheisult supports an inverse FBAR activity
of the srGAP1 FBAR domain, as suggested for IRS@3@ Missing in Metastasis (MIM)
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(Mattila et al., 2007, Millard et al., 2007; Saamilgas et al., 2009). Unfortunately, this
experimental setup turned out to be not the bgstoagh to examine indentations, as control
liposomes without the incubation with the srGAP1ARB domain were sometimes also
deformed during the experimental procedure, thus faoilitating the quantification of

deformed liposomes. Therefore, | continued studyiregeffect of the srGAP1 FBAR domain
in vitro, by using giant unilamellar vesicles, which all@avbetter observance of vesicle

deformation in contrast to the smaller-sized lipuss.

7.1.4.3 The srGAP1 FBAR domain of zebrafish causgagination of giant unilamellar

vesicles

Giant unilamellar vesicles are cell-sized vesiclesich consist of a phospholipid bilayer and
are large enough to be observed with optical meopss. In recent publications an assay with
giant unilamellar vesicles was described, to diyeshow invagination activities of the
BAR/FBAR domains of Pinkbar and Nervous wreck (Beka et al., 2013; Pykalainen et al.,
2010). In order to visualize the effect of the sSRIAFBAR domain, | established a GUV
assay, with the help of Dr. Nathalie Eisenhardt (k& Developmental Biology, Tuebingen).
To generate the GUVs, two different lipid-mixesdéied with 0.5 % dicarbocyanine were
used, here DID (Dilg), to examine if different lipid-mixes have an effeon the FBAR
domain activity. The first lipid-mix consisted apids, which mimic the negatively charged
composition of the cell membrane (as describedhapter 7.1.4.1). The second lipid-mix
contained Folch 1 lipids, which are brain derivepgids with 5 % PIR as an additional
component. The generated GUVs were incubated Wwélfdllowing components in different
reaction chambers overnight: buffer alone (10 mMPEE pH 7.5, 140 mM KCI, 10 mM
NaCl and 1 mM MgQG), DHPH domain of the adaptor protein Intersecttnaanegative
control, human Carom FBAR domain as a positive robrisee chapter 7.2.2.1) and srGAP1
FBAR domain of zebrafish (Fig. 7.15).
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Fig 7.15: Invagination of giant unilamellar vesicles by the srGAP1 FBAR domain

Deformation of DiD-labelled GUVs (red) after an owight incubation with (A) buffer (10 mM HEPES pH57 140 mM
KCI, 10 mM NaCl and 1 mM Mg@G}, (B) DHPH domain of Intersectin, as negative coint(C) the human Carom FBAR
domain and (D) the FBAR domain of srtGAP1. Arrows paindeformation. Scale bars: 5 um.

As shown in Fig. 7.15 A incubation of GUVs with Brfalone has no effect. In Fig. 7.15 B
the DHPH domain of Intersectin, with no membranéodring activity is added to the
vesicles as a negative control and shows no vigftiert either. Fig. 7.15 C displays GUVs
incubated with the Carom FBAR domain, the human dlom of theDrosophila Nervous
wreck protein (Becalska et al., 2013). The FBAR domof Carom is used as a positive
control in this experimental setup as it has alepaig effect on vesicles (see chapter 7.2.2.1
for more detail). Here, invagination of the giantilamellar vesicles were observed as
expected. The FBAR domain of the srGAP1 proteiro ajenerates invaginations of the
vesicles, though only 40 - 50 % of the vesiclesendgformed (Fig. 7.15 D). Compared to the
positive control, the invaginations induced by th&AP1 FBAR domain are weaker,

indicating the possibility of less induced curvatur

7.1.4.4 Time-dependent invagination of giant unédfar vesicles by the srGAP1 FBAR

domain

To determine the time-frame of the invaginationgess, images of the vesicles incubated
with srtGAP1 FBAR domain were taken after certametipoints (0, 5 min, 40 min and 24 h).
Figure 7.16 shows the respective images for th&@BAG-BAR domain.
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start 5 min 40 min
. D
Fig 7.16: Time-dependent defor mation of giant unilamellar vesicles by the FBAR domain of srGAP1
Deformation of DiD-labelled GUVs (red) over timé})(GUV immediate after adding of the srGAP1 FBAR dam#B)

protein-GUV mix after 5 min of incubation, (C) GUVWter 40 min of incubation and (D) after an overnigitubation at 2=
with the FBAR domain of srGAP1. Arrow points to def@tion. Scale bars: 5 um.
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Taken together, the co-sedimentation assay, thatinegstain EM assay and the GUV assay
demonstrate, that unlike previously described FB#gRhains of FBP17, CIP4 and Syndapin
(Henne et al., 2007; Itoh and De Camilli, 2006;ePett al., 2004; Shimada et al., 2007) the
FBAR domain of the srGAP1 protein is not a cladskBAR domain, but rather belongs to
the I-FBAR subfamily. Members of this subfamily saunvaginations, when incubated with
liposomes and giant unilamellar vesicles, instefafdroning tubules. Interestingly, the srtGAP
family is not the only family with a predicted furanal I-FBAR domain: PSTPIP2 and Gas7
have also been shown to induce filopodi@inivo experiments (Chitu et al., 2005; She et al.,
2002). Therefore, more members of the I-FBAR farmduld emerge in the future.

In summary the results of the functional analydigthe FBAR domain suggest an inverse
FBAR function. In order to prove this hypothesisustural information for the srGAP1
FBAR domain is essential, as it might give insighhow the structure and the function of the
FBAR domains are related. At the same time, in t@ngt to characterize the structural
properties of I-FBARSs, | concentrated on the FBA&M@in of an analogous but distantly
related protein, the human adaptor protein Cardragter 7.2).
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71.5 COMPARISON OF THE BINDING SPECIFICITY OF THE HUMAN
SRGAPT GAP DOMAIN AND ITS ZEBRAFISH HOMOLOG TO THREE
MEMBERS OF THE RHOGTPASES

Many FBAR-containing proteins are involved in the regulation of Rho-GTP binding proteins
(Habermann et al., 2004; Ho et al., 2004; Kanoh et al., 1997; Peter et a., 2004; Van Aelst et
al., 1996). In addition to its FBAR domain, its SH3 domain and its C-terminal domain, the
srtGAPL protein contains a GAP domain. Small guanine nucleotide-binding proteins, like the
members of the Rho family of GTPases, act as molecular switches in cellular signalling
pathways controlling cell proliferation, differentiation and apoptosis. Conversion from the
GDP-bound to the GTP-bound state is controlled either positively or negatively by GEFs or
GAPs, respectively (Corbett, and Alber, 2001, Vetter and Wittinghofer, 2001). GAP domains
increase the intrinsic hydrolysis rate of GTPases by inserting a catal ytic residue into the active
site of the GTPase (Ahmadian et al., 1997, Mittal et al., 1996, Rendand et al., 1991). In a
previous study with HEK cells it was reported, that the human srtGAP1 GAP domain
specificaly inactivates Cdc42 and RhoA.

In this present study, the human and zebrafish sSstGAP1 GAP domains were examined with
different NMR methods to determine their activity towards three members of the Rho GTPase
family, Cdc42, RhoA and Racl. Attempts to measure this interaction with other methods,
like, HPLC or fluorescence spectroscopy did not yield any results. First, the binding of the
human srGAP1 GAP domain to the three members of the RhoGTPases was examined via 1°F-
NMR spectroscopy, to anayse if there is aluminium fluoride-activated complex formation
between the SsGAP1 GAP domain and the RhoGTPase as this would indicate an interaction
between both components. With 3!P-NMR the activity of the SsGAP1 GAP domain was
examined, by following the acceleration of the intrinsic hydrolysis rate of the RhoGTPases.
This experiment was carried out for the human srfGAP1 GAP domain and its zebrafish
homolog. In the last step, the binding sites of the GAP domain on *°N and 13C labelled Cdc42
were mapped. All experiments were carried out in collaboration with Dr. Murray Coles (MPI
for Developmental Biology, Tuebingen).

7.1.5.1 The human srtGAP1 GAP domain binds to the human Cdc42, but not to human RhoA
and Racl

In a previous study srGAP1 and myc-tagged Cdc42, RhoA and Racl were co-transfected in
HEK cells and interaction between srGAPL and Cdc42 as well as RhoA was detected using
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co-immunoprecipitation (Wong et al., 2001). Here, the interaction of the srfGAP1 GAP
domain with Cdc42, RhoA and Rac is analysed with a structural approach, using different
NMR methods. Figure 7.17 displays the domain borders of the human srtGAP1 GAP domain,
the human Cdc42, RhoA and Racl.

human srGAP1 GAP Cdc42 RhoA Rac

496 695 1 178 191 1 193 1 192

Fig. 7.17: Domain boundaries of the human s GAP1 protein and the human RhoGT Pases

The human srGAP1 protein consists of a FBAR domain, a SH3 and a C-terminal domain with protein binding motifs. Its
GAP domain (496-695 aa) is reported to bind to two members of the RhoGTPase family, Cdc42 and RhoA (Wong et al.,
2001). For RhoA and Rac the full-length protein was used, for Cdc42 the last 13 amino acids, which were highly
hydrophobic, were truncated due to solubility issues. The red line indicates the domain boundary for the used Cdc42

construct

The srtGAP1 GAP domain (496-695 aa) was cloned into a pGEX_6P1 vector with a N-
termina GST-tag. The protein was purified with a GSH column, followed by the cleavage of
the GST-tag with TEV-protease. The purification was finalized by a gelfiltration step with a

S75 column (Fig. 7.18).
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Fig. 7.18: 10 % SDS gdl after gelfiltration chromatography S75 of the human srGAP1 GAP domain

The 10 % SDS gel shows the eluted protein efter a gelfiltretion chrometogrephy. The SDS gel was steined with Coomassie
Blue. 1) ProteinPage Plus Ruler, 2) fractions after cleavage with TEV-protease, 3) non-cleaved fusion protein, 4-5) GST
protein, 6-12) elution fractions of the human srGAP1 GAP domain (22 kDa, indicated with an arrow).

The human RhoGTPases, Cdc42 (1-178 aa), RhoA (1-193 ad) and Rac (1-192 aa) were

purified following the same protocol.



An important finding in the studies regarding GAP binding was the application of AlFl4. This
compound mimics the transition state during the GTP hydrolysis process of heterotrimeric G-
proteins (Chabre, 1990). AlFls forms a complex with the GDP-bound a-subunit of
heterotrimeric G-proteins by binding into the pocket that usually accommodates the y-
phosphate of the bound GTP (Coleman et al., 1994; Sondek et al., 1994). This method was
successfully used in a previous study to analyse the interaction of AlFl4 and a-transducin
(Higashijima et a., 1991; Hoffmann et a., 1998). Figure 7.19 presents the possible binding
mechanism of AlFl4 in the RhoGTPase-GAP complex.

—GDP-AIFl- -

GTPase

Fig. 7.19: Model of the potential AlFl4 -induced binding mechanism
AlFl4 -induced transition state of a GDP-bound GTPase (brown) and a GAP domain (purple). Thereby, the AlFl4 binds into
the pocket, which is usually occupied by the y-phosphate of the bound GTP (modified, Hoffman et al., 1998).

Here, 1>F-NMR spectroscopy was applied to probe the fluoride binding directly and determine
if the human srGAP1 GAP domain can form complexes with one of the three RhoGT Pases.
Figure 7.20 shows the obtained experimental data for the human GAP domain with human
Cdc42, RhoA and Racl.
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Fig. 7.20: Analysis of AlFls-induced complex for mation between the RhoGT Pases and the srGAP1 GAP domain
19F-NM R spectra (282 MHz) of protein samplesin AlFI - containing NMR buffer. Spectra were measured at a Bruker 600 at
room temperature. Chemical shifts were measured relative to free fluoride (-120 ppm). (A) Spectrum of AlFI, alone (1),
spectrum of GDP-bound Cdc42 with AIF, “(I1), spectrum of sstGAP1 GAP domain with AIFI, *(111), spectrum of GDP-bound
Cdc42 (0.15 mM) with AIFI, and equimolar concentration of human ssGAP1 GAP domain (0.15 mM; 1V). (B) Spectrum of
GDP-bound RhoA and AlFI, alone (red) and spectra of GDP-bound RhoA with the SsGAP1 GAP domain and AlF - (green).
(C) Spectrum of GDP-bound Racl with AlFI, alone (red) and Racl with the SstGAP1 GAP domain and AlF .

The °F-spectra of AlFl4~ shows a sharp peak at -120 ppm (Fig. 7.20 A 1). The spectrum of
GDP-bound Cdc42 and AlFl4 shows no change in the signal at -120 ppm, suggesting that free
GDP-bound Cdc42 did not bind to AlFl4 (Fig. 7.20 A 11). The small peak at -160 ppm is an
artefact of the measurement and can be disregarded. The spectrum of the srtGAP1 GAP
domain with AlFl4 aso shows a peak at -120 ppm, indicating that the domain alone also does
not interact with AIFls (Fig. 7.20 A 111). In Fig. 7.20 A 1V the *F-NMR spectrum obtained
when both GDP-bound Cdc42 and equimolar sSsGAP1 GAP domain are added together in the
presence of AlFl4, is shown. The disappearance of the signa at -120 ppm suggest stable
complex formation between the GDP-bound form of the human Cdc42 and the human
SrtGAP1 GAP domain. In contrast to the Cdc42 measurements, RhoA and Racl show weak
signals and no binding to the srtGAP1 GAP domain as the signal of AlFl4 does not disappear
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when the GAP domain of srtGAPL is added (Fig. 7.20 B and C). However, both proteins,
RhoA and Racl, show proper folding in *H-NMR measurements, in which the hydrogen-1
nuclei of a molecule are analysed. In a previous study, the AlFl4 signal does not disappear,
but shifts instead. This could be due to the bigger size difference between the GAP domain
and the GTPase or due to different measurement set up (Hoffmann et al., 1998). The first
structural anaysis confirmed the binding of the SsGAP1 GAP domain to Cdc42, but not to
RhoA, although both interactions were shown with HEK cell assays (Wong et al., 2001).

7.1.5.2 The human srtGAP1 GAP domain is active and increases the intrinsic hydrolysis rate
of the human Cdc42

As described in chapter 7.1.5.1, the human srtGAP1 GAP domain specifically binds to the
human GDP-bound Cdc42 in the presence of AlFl4. To confirm this interaction and to
examine the activity of the human GAP domain, 3'P-NMR spectroscopy was carried out. With
3IP-NMR spectroscopy it is possible to probe the conformational states of nucleotide-binding
proteins, dependent on the type of nucleotide present in their active centre (Spoerner et al.,
2005). Here, the state of GTP was followed overtime (Fig. 7.21).
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Fig. 7.21: 'P-NMR spectra of GTP and GDP

The 3P-NMR spectra (243MHz) were measured at a Bruker 600 at room temperature. For the measurements 1 mM of GTP
and 1 mM GDP and inorganic phosphate were used. (A) The spectrum of GTP shows three peaks, which were assigned to y-
phosphate at -22 ppm, B-phosphate at -11 ppm and a-phosphate at -6 ppm. (B) The spectrum of GDP and inorganic
phosphate has three peaks as well, which were assigned to p-phosphate at -10 ppm, a-phosphate at -6 ppm and inorganic
phosphate at -3 ppm.
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For GTP three distinct peak positions were assigned as y-phosphate (-22 ppm), B-phosphate (-
11 ppm) and a-phosphate (-6 ppm) (Fig. 7.21). The 3P spectrum of GDP and inorganic
phosphate contains a new peak at 3 ppm, which was assigned as inorganic phosphate, while
the resonance of y-phosphate disappeared completely (Fig. 7.21 B). The signal of y-phosphate
is well resolved, therefore GTP hydrolysis can be unambiguously measured by anaysing the
decline of the y-phosphate over time and steady increase of free inorganic phosphate and f3-
GDP phosphate peaks (Fig. 7.21 B).

For the measurements, nucleotide-free Cdc42 was used, which was obtained with two
different methods. In the first approach nucleotide-free GTPase was prepared in two steps
according to John et a., 1990. First, bound GDP was degraded by alkaline phosphatase and
replaced by GppNHp, a non-hydrolysable GTP analogue, resistant to alkaline phosphatase,
but sensitive to phosphodiesterase (Fig. 7.22). The completion of the degradation process was
determined by a High Performance Liquid Chromatography (HPLC). After the complete
degradation of GDP, snake venom phosphodiesterase was added to the solution to cleave
GppNHp to GMP, G and P;. The snake venom phosphodiesterase was then removed from the
nucleotide-free protein by anaytical gelfiltration. The second approach for removal of bound
GDP is based on serial dilution (Zhang et a., 2000). The protein sample was examined for the
content of the remaining nucleotide with 3P NMR spectroscopy before the experiment.
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' o N7 N7 ONH, OH OH OH o N" NH

OH OH OH OH

Fig. 7.22: GTP and its non-hydrolysable analogue GppNHp
(A) Chemical formula of GTP, (B) Chemical formula of GppNHp, the non-hydrolysable analogue of GTP, in which the
oxygen atom bridging the B- to the y-phosphate is replaced by a nitrogen atom.

To assess the activity of the SstGAP1 GAP domain, the intrinsic hydrolysis activity of Cdc42
was measured first. Therefore, nucleotide-free Cdc42 and an excess of GTP were monitored
over time till GTP was completely hydrolysed to GDP and inorganic phosphate. Then, an
equimolar concentration of the sstGAP1 GAP domain and additiona GTP were added. Here
again, the hydrolysis reaction was measured over time. Figure 7.23 presents a work chart for
the measurement.
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Fig. 7.23: Work chart for the 31 P-NM R measurement

(A) Intrinsic hydrolysis rate of Cdc42 was measured over time. Complete hydrolysis of added GTP after overnight
incubation. (B) Addition of sSstGAP1 GAP domain and additional GTP to the overnight reaction and hydrolysis of GTP was
monitored again over day. (C) After approximately 1 h complete hydrolysis of GTP to GDP and inorganic phosphate can be
observed after the addition of GAP.

In Fig. 7.24 the intrinsic hydrolysis rate of Cdc42 is shown over atime period of 12 h. Four
signals can be observed, which correspond to y-phosphate, B-phosphate, a-phosphate and

inorganic phosphate.
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Fig. 7.24: Intrinsic hydrolysis activity of Cdc42
1P NMR spectra (243 MHz) of 0.15 mM Cdc42 in 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM MgCl, buffer and 1 mM

GTP were measured at a Bruker 600 spectrometer at room temperature. The signal of y-phosphate, B-phosphate and o-
phosphate are followed over time (orange).

At time point 0, no signal for inorganic phosphate can be observed. After 6 h the signal for
inorganic phosphate is increasing, whereas the signal for y-phosphate is decreasing gradually.
After 12 h there is still a signal for y-phosphate visible, implying a slow intrinsic hydrolysis
rate for Cdc42. Therefore, Cdc42 and GTP were incubated overnight, which resulted in the
complete hydrolysis of GTP to GDP and inorganic phosphate (Fig. 7.25 A). The labelling in
Fig. 7.25 correspond to the labels used in the work chart (Fig. 7.23). Addition of the human
srGAPL1 GAP domain accelerated the GTP hydrolysis reaction. Within one hour newly added
GTP was converted into GDP and inorganic phosphate, indicated by the decline of the vy-
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phosphate and the increase of the inorganic phosphate and the B-GDP phosphate (Fig.
7.25C).
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Fig. 7.25: 31P—NMR spectroscopy showing accelerated GTP hydrolysis by Cdc42 affected by the GAP domain of
ssGAP1

31P—NM R spectra (243 MHZ) of samplesin 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM MgCl, buffer were measured at a

Bruker 600 spectrometer at room temperature. (A) Spectrum of 0.15 mM nucleotide-free human Cdc42 with 1 mM GTP.
Slow intrinsic GTP hydrolysis activity of the human Cdc42 (blue). Complete conversion of GTP to GDP and inorganic
phosphate after overnight incubation. (B) Addition of 0.15 mM srtGAP1 GAP domain and additional 1 mM of GTP (green) to
the human Cdc42. (C) Tota conversion of GTP to GDP and inorganic phosphate after approximately 1 h after adding the
SrTGAP1 GAP domain.

For the calculation of the hydrolysis time the number of scans is multiplied by the time for 1
slice, which corresponds to a single 1D experiment. In Fig. 7.26, a scheme of the calculation

IS presented.
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Fig. 7.26: Calculation schemefor calculating the accelerated hydrolysistime for Cdc42

The number of scans are multiplied by the time which corresponds to the length of the scan. The resulting time is for one
slice, which is one single 1D experiment. This is then multiplied by the number of scans for each slice. This results into the
time constant in points, which then can be converted into the time constant in minutes.

With this calculation scheme the time for the accelerated intrinsic hydrolysis reaction was
calculated to be 16 min, whereas the value calculated for the intrinsic hydrolysis activity of
Cdc42 is more than 12 h.

7.1.5.3 The zebrafish ssGAP1 GAP domain increases the intrinsic hydrolysis rate of the
zebrafish Cdc42

The srGAP1 protein can be found in various organisms. The sSsGAP1 protein from zebrafish
has with 80 %, a high sequence identity to the human srGAP1 protein. To test if the
interaction between the Ss=GAP1 GAP domain and Cdc42 is conserved, anaogous *'P-NMR
measurements, were carried out with the zebrafish SsGAP1 GAP domain and zebrafish Cdc42
as described in the previous section. Figure 7.27 shows the domain boundaries for both

proteins.
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GAP Cdc42

492 676 1 191
Fig. 7.27: Domain boundariesfor the zebrafish sr GAP1GAP domain and the zebrafish Cdc42
The domain boundary for the zebrafish sstGAP1 GAP domain was designed according to the boundary set for the human
SrTGAP1 GAP domain (see Fig. 6.17). For the zebrafish Cdc42 the full-length protein was used.

The zebrafish sS'tGAP1 GAP domain (492-676 aa) was cloned into a pGEX6P1 vector with a
N-terminal GST-tag. The protein was purified with a GSH column, followed by the cleavage

of the GST-tag with TEV-protease and a second GSH column. The purification was finalized
by a gelfiltration step with a S75 column (Fig. 7.28).
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Fig. 7.28: 10 % SDS gel after the second GSH column and gelfiltration chromatography S75 of the zebrafish srGAP1
GAP domain

The 10 % SDS gel shows the eluted protein after a gdlfiltration chromatography. The SDS gel was stained with Coomassie
Blue. 1) ProteinPage Plus Ruler, 3) fractions after cleavage with TEV-protease, 4) ssGAP1 GAP domain in the flow-through
of the second GSH column, 5) GST protein, 6-10) elution fractions of the zebrafish sSsGAP1 GAP domain (21 kDa, indicated
with an arrow).

The zebrafish Cdc42 was purified following the same protocol. Both proteins were analysed
regarding their folding state with 1D NMR and proper folding was confirmed (Dr. Murray
Coles, persona communication). For the 3!P-NMR measurement, the intrinsic hydrolysis
activity of the nucleotide-free Cdc42 with an excess of GTP was measured first (Fig. 7.29).
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Fig. 7.29: Intrinsic hydrolysis activity of Cdc42
3P NMR spectra (243 MHz) of 0.15 mM Cdc42 in 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM MgCl, buffer and 1 mM

GTP were measured at a Bruker 600 spectrometer at room temperature. The signal of y-phosphate, B-phosphate and o-
phosphate are followed over time (orange).

Four signals can be observed in the graph, which correspond to y-phosphate, 3-phosphate, o-
phosphate and inorganic phosphate. Here, the signal for inorganic phosphate appears to be
present from a very early time point. This can be attributed to a not complete nucleotide-free
Cdc42. Therefore, the decline of the y-phosphate and the increase of B-GDP phosphate was
monitored. In comparison to the intrinsic hydrolysis rate of the human Cdc42, the intrinsic
hydrolysis rate of the zebrafish Cdc42 seems to be very slow, as the signal for y-phosphate is
still clearly visible after 12 h (Fig. 7.29). A complete conversion of GTP into GDP and P,
cannot be observed even after an overnight measurement (Fig. 7.30 A). The zebrafish GAP
domain and additional GTP were added to the overnight reaction and the hydrolysis process
was monitored over time (Fig. 7.30 B). No peak for free inorganic phosphate can be detected
at 3 ppm, which could be explained by weaker signals and the high signal/noise ratio in
contrast to Fig. 7.25.
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Fig. 7.30: 31P-NMR spectroscopy showing accelerated GTP hydrolysis by the zebrafish Cdc42 affected by the GAP
domain of the zebrafish srGAP1

31P-NMR spectra (243 MHz) of samplesin 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM MgCl, buffer were measured at a

Bruker 600 spectrometer at room temperature. (A) Spectrum of 0.10 mM nucleotide-free zebrafish Cdc42 with 1 mM GTP.
(B) Addition of 0.15 mM srGAP1 GAP domain and additional 1 mM of GTP, (C) Conversion of GTP to GDP and inorganic
phosphate 1 h after adding the zebrafish SsGAP1 GAP domain.

The basal GTP turnover for the zebrafish Cdc42 is lower than the human Cdc42, as the -
phosphate signal can be still detected after overnight incubation of the reaction. Within one
hour, newly added GTP was hydrolysed to GDP and inorganic phosphate in the presence of
equimolar concentration of the SsGAP1 GAP protein (Fig. 7.30 C). This can be seen in the
decline of the y-phosphate (-21 ppm) and the increase of B-GDP (-10 ppm), indicating the
srfGAPL1 GAP domain activity. Taken together, the results of the hydrolysis experiments
indicate that both, the human and the zebrafish SsGAP1 GAP domains are active and bind to
Cdc42, increasing itsintrinsic GTP hydrolysis rate.
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7.1.5.4 No effect observed on the intrinsic hydrolysis activity of Cdc42 domains in cross-

organism 3'P-NMR measurements

As both human srGAP1 GAP domain and human Cdc42 as well as zebrafish SsGAP1 GAP
domain and zebrafish Cdc42 show interaction, which can be observed through the accelerated
intrinsic hydrolysis activity of Cdc42, | examined if cross-organism measurements have an
effect on the respective Cdc42 activity. The measurements were carried out analogous to the
measurements described in 7.1.5.2 and 7.1.5.3.

First the activity of the human Cdc42 with the zebrafish SsGAP1 GAP domain was measured
(Fig. 7.31). P.
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Fig. 7.3L: 31P-NM R spectroscopy showing GTP hydrolysis by the human Cdc42 affected by the GAP domain of the
zebrafish srGAP1

31P—NM R spectra (243 MHZ) of samplesin 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM MgCl, buffer were measured at a

Bruker 600 spectrometer at room temperature. 0.10 mM nucleotide-free human Cdc42 was measured with 1 mM GTP and
0.15 mM zebrafish s'tGAP1 GAP domain.

Signalsfor a-, B-, y-phosphate and inorganic phosphate are observed. Compared to the results
presented in Fig. 7.25 and 7.30 the signal for inorganic phosphate did not decrease even after
8 h of incubation. The signal for inorganic phosphate starts to appear after ailmost 5 h. This
would indicate that the zebrafish sSstGAP1 GAP domain has no effect on the intrinsic
hydrolysis rate of the human Cdc42.

In the next step zebrafish Cdc42 was measured with human srtGAPL GAP domain (Fig. 7.32).
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Fig. 7.32: 31P-NM R spectroscopy showing GTP hydrolysis by the zebrafish Cdc42 affected by the GAP domain of the
human srGAP1

31P-NM R spectra (243 MHZ) of samplesin 20 mM Tris pH 7.5, 150 mM NaCl and 1 mM MgCl, buffer were measured at a

Bruker 600 spectrometer at room temperature. 0.10 mM nucleotide-free zebrafish Cdc42 was measured with 1 mM GTP and
0.10 mM zebrafish sSsGAP1 GAP domain.

Here as well signals for a-, -, y-phosphate and inorganic phosphate can be observed. Signal
for inorganic phosphate can be observed at early time points. One explanation for this could
be a not complete nucleotide-free GTPase. The y-phosphate decreases over time and the
signa for inorganic phosphate increases steadily. After amost 4 h a complete turnover of the
y-phosphate can be observed indicating a low effect of the human srtGAP1 GAP domain on
the zebrafish Cdc42 compared to the measurement in Fig. 7.31. Species cross-over
measurements showed either no effect on the acceleration of the intrinsic hydrolysis reaction
of the RhoGTPasg, in the case of human Cdc42 and zebrafish SsGAP1 GAP domain (Fig.
7.32), or avery low effect on the hydrolysis rate, in the case of human Cdc42 and zebrafish
srtGAPL GAP domain (Fig. 7.31). These results lead to the assumption that both SsGAP1 GAP
domains are active and specific for Cdc42. But reach full activity in accelerating GTP

hydrolysis only in the presence of Cdc42 proteins of their own species.

7.1.5.5 Mapping of the srGAP1 GAP domain binding sites on the homologous Cdc42 proteins

Cdc42 has a low intrinsic GTPase activity, which is significantly enhanced by the GAP
domain, as seen in the 3!P-NMR measurement series. To identify the regions of human and
zebrafish Cdc42, which are involved in the binding of their respective GAP domains, °N
HSQC spectra were measured. HSQC measurements permit to obtain a 2D heteronuclear
chemical shift correlation map between directly-bonded *H and X-heteronuclei (commonly,
13C and ©°N). To assess the chemical shifts both Cdc42 proteins were measured alone and then
with added GppNHp or GTP. The respective GAP domains were then added to the sample,
until equimolar concentrations were reached. Chemical shifts were then recorded and mapped
to a structural model of the RhoGTPase.
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7.1.5.5.1 Mapping of the human srGAP1 GAP domain binding sites on the human Cdc42

First the binding sites for human Cdc42 and ssfGAP1 GAP domain were examined. Therefore,
15N and C labelled Cdc42 was prepared and °N HSQC spectra were measured on a Bruker
600 MHz spectrometer at room temperature. HSQC stands for Heteronuclear Single Quantum
Coherence spectrum. It is atwo-dimensional spectrum with one axis for *H and the other for a
heteronucleus 3C or °N. The spectrum contains a peak for each unique proton attached to the
heteronucleus being considered. The assignment of the backbone H, 3C, and **N resonances
of Cdc42 was carried out based on the aready published assignment of human GDP-bound
Cdc42 (Feltham et al., 1997) and additional HNCO (amide proton-to-nitrogen-to-carbonyl-
carbon correlation) and HNCA (amide proton-to-nitrogen-to-a-carbon correlation)
experiments, which make it easier to distinguish between al Cai and Cai-1 peaks. Feltham et
al. were not able to fully assign the GDP-bound human Cdc42. Severa residues in the loops
were not observed, presumably due to unfavourable water exchange, and residues at the C-
terminal end were missing due to proteolysis, as confirmed by mass spectrometry (Feltham et
al., 1997). Also, the proline residues P32, P87 and P99 do not appear in *H-°N correlation
spectra, asthey lack an amide proton. Nevertheless, 80 % of backbone amide resonances of the
human Cdc42 could be assigned, providing good coverage of the protein surface. Figure 7.33
A shows the sequence of the human Cdc42 protein with its P-loop, Switch | and Switch 11
binding sites. The secondary structure is indicated below the sequence.
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Fig. 7.33: Structural motifs of the human Cdc42 and ®N HSQC spectrumof the bound complex human Cdc42 and
human srGAP1 GAP domain

(A) Seguence of the human Cdc42 protein with the potential binding sites, P-loop, Switch | and Switch 11, for the sGAP1 GAP
domain (shown with coloured boxes). The secondary structure is indicated below the sequence. a-helices are represented as
green cylinders and B-strands as grey boxes. (B) *H, ®N HSQC spectrum collected on human Cdc42-GTP (pink, |) and after
addition of human srtGAP1 GAP domain (blue, 11). The box below (I11) shows a zoomed view of the overlayed spectra,
emphasizing the changes in the spectrum. Amino acid residue A176N is labelled as an example for an increasing and shifting
signal, amino acid L70N for adisappearing signal after addition of the human srGAP1 GAP domain. Both amino acid residues
are highlighted with red boxesin 7.33 (A).
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Figure 7.33 B presents *H-""N correlation spectra of the human Cdc42 before (Fig. 7.33 Bl)
and after adding the sSstGAP1 GAP domain (Fig. 7.33 BIl). In Fig. 7.33 Blll a zoomed view
of the overlayed spectra is presented to highlight the changes in the spectra after adding
the SsGAP1 GAP domain. This led either to increasing and shifting signals, as seen for
A176N or disappearing signals, as seen for L70N. Based on the NMR spectra, it was
attempted to map the binding sites of the SsGAP1 GAP domain. This proved to be difficult
as the complex was actively hydrolysing GTP. However, it was possible to narrow the
binding site to the Switch | region. The same experiment was carried out with zebrafish
Cdc42 and its respective GAP domain.

7.1.5.5.2 Mapping of the zebrafish ssGAP1 GAP domain binding sites on the zebrafish Cdc42
protein

Asmapping of the binding sitesfor the human Cdc42 and human srtGAP1 GAP domain proved
to be difficult, due to the active complex and only implicated binding to the Switch | region.
The same experiment was carried out for the zebrafish proteins to compare the results and
examine if the binding sites are similar. Here, GppNHp was used instead of GTP to form a
non-hydrolysable complex between the zebrafish Cdc42 and zebrafish GAP domain. Figure
6.33 A shows the sequence of the zebrafish Cdc42 protein with its P-loop, Switch | and Switch
Il binding sites. The secondary structure is indicated below the sequence. The 'H-*N
correlation spectrum of nucleotide-free zebrafish Cdc42 (1-191) isin good agreement with the
data set published for human Cdc42 (pdb: 1GRN, Nassar et a., 1998). However, the spectrum
shows considerable differences to that for the GTP/GDP bound protein. Signals for many
residues assigned in the earlier analysis were not observed and others were of considerably
lower intensity. Figure 7.34 B presents *H-'"N correlation spectra of the zebrafish Cdc42
before (Fig. 7.34 BI) and after adding the SsGAP1 GAP domain (Fig. 7.34 Bll). In Fig. 7.34
Blll a zoomed view of the superimposed spectra is presented to highlight the changes in
the spectra after adding the SstGAP1 GAP domain. This led either to increasing and shifting
signals, as seen for T141N or disappearing signals, as seen for T138N.
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Fig. 7.34: Structural motif of the zebrafish Cdc42 and >N HSQC spectrum of the bound complex

(A) Sequence of the zebrafish Cdc42 protein and its potential binding sites for the sstGAP1 GAP domain are shown with
coloured boxes. The secondary structure is indicated below the sequence. a-helices are represented as green cylinders and -
strands as grey boxes. (B) *H, ®N HSQC spectrum collected on zebrafish Cdc42-GppNHp (grey, 1) and after addition of the
zebrafish SstGAPL1 GAP domain (blue, I1). Small box below (111) shows azoomed view of the overlayed spectrum, emphasizing
the changes in the spectrum. Amino acid residue T138N islabelled as an example for decreasing signal and amino acid T141N
for a disappeared signal after addition of the zebrafish ssGAP1 GAP domain. Both amino acid residues are highlighted with
red boxesin 7.34 (A).
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Figure 7.35 showsamodel of the zebrafish Cdc42 highlighting the regions of the protein, which
undergo conformational changes upon activation, as evidenced by chemical shift changes.

Cdc42 consists of a central 6-stranded 3-sheet. Helix al lies perpendicular to the p-strands at
the concave side. The convex surface is flanked by a3 and a4, which are parale to the
B- strands. There is no structural evidence for an a2 helix, which cannot be found in Cdc42, in
contrast to other GTP-binding proteins. al is a less stable insert, forming a compact loop
structure and lies adjacent to the loop between 34 and o3. Mapping the unobserved residuesin
white on to this structure (PDB: 1GRN) in Fig. 7.35 shows them to cluster on one face of the

protein.

Switch 1

. signal not visible
’ v Switchl
! ’) ‘) ‘ quick signa
7' AN B2 B \ disappearance

.

signal still visible

small/large
chemical shifts
when nucleotide
added

not observed

'-}

insert helix al

Fig. 7.35: Mapping the binding site for the GAP protein on the homologous RhoGT Pase Cdc42

Model of the zebrafish Cdc42 based on the pdb structure 1GRN. The mapping of the binding site was acquired through H,
15N HSQC spectra. Upon adding the non-hydrolysable analogue of GTP, GppNHp, which binds into the P-Loop between p1
and al, small/large shifts are observed in the near surroundings of the nuclectide binding site (coloured in orange and red).
Dark blue regions at the C-terminal region of Cdc42 are not involved in the binding of the nucleotide or the GAP domain and
are not affected by the short-termed complex formation. Light blue areas undergo quick signal changes, when the GAP domain
is added. White regions, which include the Switch |, Switch Il and P-loop region were barely visible. Grey areas were not
detected at all.
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For both organisms the hydrolysis complex seems to be very short-lived and instable as the
interaction itself is very hard to detect when GTP is added instead of GppNHp.

When nucleotide is added, small to large changes are observed in the orange/red coloured areas
(residues 20-22, residues 84 and 90-91 and residues 157 and 159). When the srtGAP1 GAP
domain is added, further residuesin a3, al and 34 showed decreased intensity with increasing
GAP concentration (e.g. T138N, see the enlargement to Fig. 7.34), many of them disappear
completely (e.g. T141N, seeFig. 7.33). A large areaon the C-terminal surface of Cdc42, which
corresponds to the insert helix al, is not involved in any interaction (dark blue). It is possible
that this region has arole in mediating the binding of the target and regulatory proteins asit is
relatively close to the switch surface (Feltham et al., 1997). Several residues in the Switch |,
Switch Il and the P-loop region are barely visible or have unassigned peaks. The switch binding
regions are unstructured and very flexible, yet important for the interaction of Cdc42 with
effectors. A possible explanation for the observed data is a dimerization of nucleotide-free
Cdc42, leading to low intensities of the signals highlighted in white. Such dimerization was
suggested by Zhang et al., 1998 and |eads to a negative regulation of the RhoGTPase. Addition
of GAP leads to complex formation utilizing a similar binding surface (light blue areas in the
figure). It can be assumed that binding of GAP disrupts the dimerization, promoting the active
form.

Grey coloured regions were not detectable at all. This could be due to either unstructured
flexible regions and/or internal dynamics, when the protein is in solution. This phenomenon
was also described by Feltham et a., 1997, when the structure of the human GDP-bound Cd42
was solved. Most of the potential affected residues lie on the surface of the protein.

The results of the human and zebrafish proteins emphasize the importance of flexible regions
in the N-terminus of Cdc42 in the interaction. At least one specific region of the flexible switch
region contributes to the binding of the GAP domain, possibly Switch | (residues 31-40 aq).
From the NMR data it can be expected, that the GAP domains bind primarily to those regions
of Cdc42, which change conformation upon GTP/GppNHp binding. This result fits well with
studies for other GAP domains with members of the RhoGTPase family (Feltham et al., 1997;
Nassar et a., 1998; Dvorsky et al., 2004; Chandrashekar et al., 2011).
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71.6 POSSIBLE NEW INTERACTION PARTNERS FOR THE HUMAN
SRGAPT PROTEIN AND ITS ZEBRAFISH HOMOLOG

An essential step in understanding protein funcigotine identification of relevant interacting
proteinsBased on structural and functional characterisficstein interactions can be
classified as stable or transient, whereby thelestaiberaction will form protein complexes
and the transient interaction will form signallipgthways (Rao et al., 2014). Only few
binding partners for the srGAPL1 protein are knowrfas. The RhoGTPase Cdc42 binds to
the srGAP1 GAP domain, whereas Robol and possiblyo® bind to the srGAP1 SH3
domain (Wong et al.,, 2001). The C-terminus of srGAfRs received less attention so far,
although it is expected to enable association GIA§t1 with other proteins. In a previous
study it was shown that members of the srGAP familght interact with 14-3-3 proteins,
though not much detail is provided about the irtéoa site (Blasutig et al., 2008). In this
present study an approach to identify possible meg@raction partners for the human and

zebrafish srGAP1 C-terminal domains is described.

7.1.6.1 Prediction of protein binding motifs in theman srGAP1 C-terminus

The C-terminal domain of the human srGAP1 contaB& residues (799-1085 aa) and is less
conserved across different species, suggestingidumad diversity (Fig. 7.36). However, no
functional and biochemical data are available far $rGAP1 C-terminus. Comparison of the
three human srGAP C-termini resulted in a sequédsestity of 21 %. Compared with the
sequence identities of the other domains, thisoregf the srGAP family has the highest
sequence variation. Secondary structure analysiseofrGAP1 C-terminal domain does not
reveal any elements of specific secondary structbesides a shou-helical motif (955-

979 aa), which is conserved in all organisms.

103



sr GAP1 VQDVDDTFSDTL \VTEDKSSSKD- TDR- HPDGYL ARQRKRGEPPP

srGAP2 ------ G/VER PEEKVTARAG- ASCRSGGHVADI YLANI NKQRKRPE

SrGAP3 ---------- LLDDKASSKNDL TEH SDYG-FGGVMGRVRLRSD
. . * . . .

SrGAP2 ------ SE8 RKTFRSDS| L TDSSSRGVGASCRPSSQPI MSQSLPKEGRDKCSI S
sr GAP3 GAAl PRRRE- GGDTHSPPI l--- D PRAAACPSSPHKI PLTRGRI E EKRRI\/A
* . *

sr GAP1 L TNESRHDSL K- KI DSPPI BRSTSSGQYTG-N KPL

sr GAP2 L SRHSSLKNRLDSPQ BKTATAGRSKSFN

srGAP3 TF NYPDKK- ALSEGHS STCGSTRHSSL KSL

'** '*. L. *-*** * % :*

sr GAP1 TPATS SL

sr GAP2 VVWAPT

sr GAP3 GPV—

* % % *

NVAL RSSEPQI SSS
QLLKDPEPAF TAG
I VI RDPDAA SST
******* kkkkkkkk*k

sr GAP1 PVRRP DGHCPL HPPangVDL SLASH- - - PRGLLQNRGLNNDSRERRRRP

sr GAP1 DTMST] MWAPRM GVQL L LPKTNPTI G - PAPPP- - - - - - - - - - QGPT

sr GAP2 DI A VKSVKM AAPVI T FPKTNATSP- - GUNSS- - - - - - - - TSPQST

sr GAP3 AL SARLAGAQL P Q—|RSSSSSSSGVGSPAVTPTEKI\/F PNSSA
. .. s kK

sr GAP1 M

sr GAP2

sr GAP3 M

*kk k-

Fig. 7.36: Sequence comparison for the C-termini of the three members of the human srGAP family
The C-terminus is the less conserved domain ofstlEAP family. Comparison of the C-termini of srtGARtIGAP2 and
SrGAP3 resulted in a sequence identity of 21 %.

To detect potential protein binding motifs in theteg@minal part of the srGAP1 protein, the
primary sequence of the srtGAP1 C-terminus was aedlylt is well known that protein-
protein interactions are mediated through bindihghodular domains to characteristic short
sequence motifs. For the analysis, Scansite, argmggdeveloped to predict short sequence

motifs (Obernauer and Yaffe, 2004; http://scansiieedu/) was used. Several motifs likely to

be phosphorylated or harbouring consensus binagiqgences for proteins such as 14-3-3 and
SH3 domains, were identified. In Fig. 7.37 specliiading motifs for potential binding
partners in the C-terminal domain are shown. Thlihg motif search with Scansite was
divided in three sections: the phosphoserine/thneoibinding group, the SH3 group and
different kinase binding groups. Here, the foces lon the binding sites of 14-3-3 proteins
and SH3 domains, as their possible relevance isatetl by previous publications (Blasutig
et al., 2008; Tzivion et al., 2001; Weng et al.93p
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Fig. 7.37: Binding sitesfor putative interaction partners of the human srGAP1 C-terminus
The C-terminal domain of srGAP1 contains severatlinig motifs for 14-3-3 proteins (orange) and vasicSH3 domains
(blue). Sequence motifs are underlined.

The results indicate that there are possible bmadiotifs for different proteins in the C-
terminal domain of the human srGAP1 protein. 148r8tein binding was suggested in a
previous study for the srGAP protein family (Blagu2008). 14-3-3 proteins recognize two
common recognition motifs containing phosphorylatedne or threonine residues: RSxpSxP
(mode 1) and RxxxpSxP (mode 2). “pS” representbasphorylated serine residue and “X”
represents any amino acid residue (Tzivion e28@01). Two potential mode 1 binding sites
can be found in the C-terminal domain of srGAPlsi8es the binding sites for 14-3-3
proteins, binding motifs for SH3 domains and def@rclasses of kinases were also detected.
SH3 domains recognize two classes of binding moREKxxPxxP (class 1) and PxxPxR
(class I1). The binding motifs in the C-terminusstGAP1 are class 2 motifs. Different types
of kinase binding sites were also detected, wittdinig motifs containing serine or threonine
residues. In this context it should be noted, that predicted binding sites are exclusively
base on the predictions using Scansite. In ordeteiatify protein complexes associated with
the human srGAP1, rat brain tissue pulldown assare combined with mass spectrometry

analysis.

7.1.6.2 Rat brain pulldown with the human srGAPleffninus hints to possible new

interaction partners for srtGAP1

Previous studies indicate the involvement of srGARIneuronal processes, as well as
cytoskeletal regulation and endocytosis. As showrprievious studies and in this thesis
(chapter 7.1.2), srGAP1 is mainly expressed intbifa@n during development (Bacon et al.,
2011; Couthino-Budd et al., 2012; Ip et al., 200png et al., 2001). To identify putative

binding partners of srGAP1, a GST-fusion pulldowithwbrain tissue from rats at the
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developmental stage P14 was carried out. FirstCHerminal domain of the human srGAP1
(799-1085 aa) was cloned and purified as a GS#fuprotein. Then brain tissue from P14
rats was homogenized in lysis buffer and the lygaéecleared with gluthathione-sepharose
(GSH) beads. The GST-srGAP1 C-terminus was bour@d beads and incubated with the
pre-cleared lysate overnight. GST protein alone wased as a negative control. After
extensive washing steps, the beads were heate 16,90 release the proteins bound to the
GSH beads, centrifuged and the supernatant wasasegaon a 10 % SDS gel (Fig. 7.38).
The gel was stained with Coomassie Blue, destaameldselected areas on the gel were cut
out, digested with trypsin and the resulting peggtidvere submitted to nano-LC MS/MS. The
acquired MS data were pre-processed with MaxQuahi2.2.9) to generate peak lists, which
were submitted to the Andromeda search engine eautised against a rat protein database.
In addition the data were analysed for the presericgeptides of the human srGAP1 C-
terminus as a positive control. Proteins identifigth a minimum of one peptide were taken

into consideration.
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Fig. 7.38: GST-pulldown assay of human sr GAP1 C-ter minal fusion protein with P14 rat brain tissue

The C-terminal GST-fusion protein of srtGAP1 and Gidtein alone were bound to GSH beads and inculvatadat brain
lysate. The samples were washed and separated@8@SDS gel. The gel was stained with Coomassie &tdedestained
in destaining solution. (S) Standard, (1) negatiwetrol: GST (24 kDa). GST 1 and 2 correspond &fthmed areas in lane
1. (2) GST-srGAP1_C-terminus fusion protein (55 kD&)milarly, GST-srGAP1_Cterm3-5 correspond to tipecsic
framed areas in lane 2 on the 10 % SDS-gel. Fraanednumbered areas (1-5) in the 10 % SDS gel wigestegd with
trypsin and analysed with nano LC-MS.

807 proteins were identified based on the MS/MS:tspeof the peptides. To filter out non-
specific contaminants the results of the sampleewempared to the GST negative control. A
protein was not considered, if the negative constmdwed the same amount of identified
peptides as the sample of the candidate proteoteifs such as ribosomal proteins or heat
shock proteins were identified in both samplesq®odame extent and thus were considered as
background proteins. Proteins, which were deteatedonly one of two independent

experiments, were also eliminated. To decide hdabie a protein is identified, the posterior
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error probability (PEP) score in combination wilte tintensity and the number of identified
peptides for the corresponding proteins was consitlelhe PEP score is calculated for each
peptide. A PEP score lower than 0.01 indicates that peptide was identified with a
probability of more than 99 %. Using this appraabh putative interaction partners with the
lowest PEP scores and the highest number of ddtgaptides were selected and analysed
regarding their domain composition and functionbl&a7.6 shows the raw data of the mass
spectrometry analysis for the 14 selected protdihs. labelling of the intensities in the table

corresponds to the selected regions on the 10 %i®bBig. 7.38.

Tab. 7.6: Raw data of the 14 putative interaction partners for the GST-sr GAPL1_C-terminus as identified in the rat
brain pulldown experiment and mass spectrometry analysis, sorted with regard to the PEP score. Proteins of interest
are highlighted in purple.

Peptides Peptides ! : . . .
(negative (GST- Sequence PEP | Intensity | Intensity Intensity Intensity Intensity
control srGAP1 Coverage GST- GST- GST-
Protein Names GST) Cterm) [%] Score | GST1 GST 2 | srGAP1 Cterm3 | srGAP1 Cterm4 | srGAP1 Cterm5

Dynamin-1-like 7,13E-

protein 9 16 47,8 269 3x16 0 1.2x10 0 0
6,28E-

Dynactin subunit 1 1 12 38,6 245 3x10 0 4.5x10 0 0
2,12E-

Endophilin A1 2 7 58,8 216 0 9.2x10 0 0 9.2x16
6,52E-

Nck-1 1 23 36 214 7x10 0 2.2x10 0 0
1,26E-

Cyfip2 0 21 38,3 210 0 0 3x10 0 0

AP-2 complex 2,72E-

subunit alpha-2 8 27 34,9 188 2.9x16 | 1.6x1C0 3.8x10 0 0
5,04E-

14-3-3 protein zeta 9 13 38,4 96 0 2.1x10 0 0 4.8x10

14-3-3 protein 4,48E-

gamma 8 13 34,8 76 0 2.3x10 0 0 6x10

LIM and SH3 5,54E-

domain protein 1 7 12 67,3 66 0 6.5x160 0 0 3.1x10
1,67E-

Synapsin 2 4 9 19,8 60 2.7x16 0 0 1.2x10 0

Neur onal

migration protein 3,23E-

doublecortin 1 5 27 51 0 1.2x16 0 0 1.4x16
5,21E-

Cortactin 0 4 23,3 42 0 0 1.5x10 0 0

14-3-3 protein 2,23E-

theta 4 7 15,9 29 0 2.8x16 0 0 5.2x16
1,54E-

Abil protein 0 3 9,6 25 0 0 0 1.8x19 0

For some candidate proteins peptides were alscctéddten the negative control, but the
number of the detected peptides and their meaduatedsity was lower in comparison to
values obtained for the srGAP1 C-terminus, thugcatthg specific binding to the C-terminal
region. For other proteins, peptides were only aetkin the sample. These proteins were
also considered for further examination (not higiied). In Fig. 7.39 the function of the

identified binding partners are listed.
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Fig. 7.39: Functional categorization of potential interaction partners of the C-terminal domain of srGAP1. Proteins
were identified by nano LC-MS/MS analysis of a bbahin tissue pulldown with GST-tagged srGAP1 C-iaghfusion

protein. The biological functions were assignededsrred to in the universal protein resource degal(http://uniprot.org)
and protein- specific publications.

Many SH3 domain containing proteins as well as sitbuof the 14-3-3 proteins, which
binding sites were indicated in the analysis of ghenary sequence of the srGAP1 C-
terminus, were found in the mass spectrometry amalynterestingly, most of the identified
candidates seemed to be involved in actin cytoskelesgulation (39 %), vesicle transport
(22 %) or neuronal processes (26 %). A lower nunab@roteins are involved in endocytosis
(9 %) and cell cycle regulation (4 %).

In the following table (Tab. 7.7) proteins belomgito the different categories are analysed

regarding their domain composition and function:
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Tab. 7.7: Identified potential interaction partners for the human srGAP1 protein with their domain
composition and detailed function

CATEGORY DOMAIN COMPOSITION FUNCTION
VESICLE TRANSPORT
Dynamin-1-like —H Key player in fission process of
protein mitochondria (Froehlich et al.,

dynamin ? GED 2013)
Dynactin subunit 1 Organization of microtubules
.—- and transport of vesicles
CAP-Gly dynactin (Zhapparova et al., 2009)
Endophilin A1 Synaptic vesicle transport (Bai
et al.,2010)
FBAR SH3
ACTIN CYTOSKELETON REGULATION
Nck-1 Binding of to effector proteins
.‘.‘. involved in cytoskeletal
dynamics (Jones et al., 2009)
SH3 SH3 SH3 SH2
Cyfip-2 I Scaffolding protein for
Cyfip complexes associated with Rac
pathway (Jackson et al., 2007)
Laspl . ‘ Involvement in cell migration,
_-_..—l signalling and stabilization of
cytoskeleton (Pappas et al.,
LIM nebulinl nebulin2 HS 2011).
Cortactin Regulation of cortical actin
_- assembly (Weed et al., 2001)
NTA repeats helical p-rich SH3
Abil Involvement in actin
—-_ 1| 4-_ reorganization, lamellopodia
formation and part of WAVE2
homeo-box like p-rich SH complex (Echarri et al., 2004)
ENDOCYTOSIS
Assembly protein-2 _ - Involvement in clathrin-
complex subunit mediated endocytosis and
alpha 2 adaptin-N a-adaptin C cargo recognition (Nakatsu et

al.,2003)

NEURONAL PROCESSES

Synapsin-2 Isoform
a

L IS
A B C G H

Modulation of neurotransmitter
release at the presynaptic
terminal (Medrihan et al., 2013)

Neuronal migration
protein
doublecortin

— DG

DCX1 DCX 2

Neuronal migration and neurite
branching (Gleeson et al.,
1999)

CELL CYCLE CONTROL

14-3-3 proteins

14-3-3- gamma or zeta or theta

Mitotic signal transduction,
apoptose and cell cycle control
(Meek et al., 2004; Tzivion et
al., 2001)

In order to determine if the srGAP1 C-terminus frambrafish has similar or different

putative interaction partners, a pulldown with whakbrafish embryos at the developmental
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stage of 48 hpf was carried out on the basis ofltita obtained from the pulldown with the
C-terminal domain of the human srGAPL1 protein. &miesults would indicate a conserved
role for the human and zebrafish srtGAP1 in multiplethways besides the Slit-Robo

pathway, like endocytosis or the regulation ofalén cytoskeleton.

7.1.6.3 Prediction of protein binding motifs in tBeerminal domain of the zebrafish srGAP1

As described in chapter 7.1.6.1 proteins recogsjeeific linear binding motifs for binding to
other proteins in signalling pathways. To asses®#istence of such motifs in the C-terminal
domain of the zebrafish srTGAP1 protein, | analys8esl primary sequence with Scansite. In
Fig. 7.40 the predicted binding motifs are highteghand the putative interaction partners are
indicated. The binding motif search with Scansitaswdivided in three sections: the
phosphoserine/threonine binding group, the SH3m@nd different kinase binding groups.
The focus of the analysis was put on binding ditesl4-3-3 proteins and SH3 domains as

kinase motifs are too abundant.

782 DNVDDTFSDTLSQKADSEASSGHGEEEKCSSRDMGSPTDSRLPDAY! SRH

SH3
PTRRPPARPTDTHCL VHPSHHSSHTNPDL GSPVMGHY SPRDM. RGRGHVPVDSPE
SH3
RRRRTGHGSLTNI SRHES| KKVESPPI R QYSSFNEPHVKSLDPESI AQD

| EETMNTALNEL KEL ERQSSAKHAPDVVLDTLEQVKNAPTPASSTESL SQLHGLL
SH3 SH3
LRPAGTELHWR DTMSTFKPAVAPRMGVQLKPPTLRPKPMWPVPKTGAA

QHPAAPPQDPLDKSCTM 1073

Fig. 7.40: Binding sitesfor putative interaction partners of the zebrafish srGAP1 C-terminus
The C-terminal domain of sSrGAP1 contains severallinig motifs for 14-3-3 proteins (orange) and vasicGH3 domains
(blue). Sequence motifs are underlined.

The results of the binding motif search indicateesal possible short sequence motifs that
might be recognized by different proteins. The tdexd sequence motifs are similar to them
of the human srGAP1 C-terminal domain and indi@fgossible conserved binding region

(see chapter 7.1.6.1). Although, for the sSrGAP Efainus of zebrafish more SH3 and 14-3-3

binding motifs in comparison to its human equivalene predicted. In order to identify
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potential binding partners for the srGAP1 C-terrhish@main, as pulldown assay with whole
48 hpf zebrafish embryos.

7.1.6.4 No relevant hints for potential interactmartners for the zebrafish srGAP1 C-
terminus

In chapter 7.1.6.1 the pulldown with P14 rat brégsue revealed several potential binding
candidates for the human srGAP1. Here, | searcbegdtential interaction partners for the
C-terminal domain of the zebrafish srGAP1 with araéish embryo pulldown followed by a
mass spectrometry analysis. The experimental dedidgine pulldown followed the protocol
of the rat brain tissue pulldown with GST-tagge@AP1 C-terminus as bait. First, the C-
terminal domain of the zebrafish srGAP1 (782-108Bwas cloned and purified as a GST-
fusion protein. 48 hpf embryos were collected, reeab from their chorion, washed and
homogenized in lysis buffer. The lysate was prewed with gluthathione-sepharose (GSH)
beads. The GST-fusion protein of the srGAP1 C-teumiwas bound to GSH beads and
incubated with the pre-cleared lysate overnightjlevieST alone was used as a negative
control. After several washing steps, the bead®weated at 90 °C, to release bound proteins
from the GSH beads. The samples were centrifugddt@supernatant separated with SDS-
PAGE (Fig. 7.41). The gel was stained with Coonea&ue and destained in destaining
solution. As seen on the 10 % SDS gel the sampleeo$§rGAP1 C-terminus (Fig. 7.41, lane
2) was apparently degraded during the pulldown gsscDespite the degradation the samples
were analysed by the mass spectrometry facilitgr dfyypsin digest as it was considered that
the amount of the bait protein might be enoughdemiify possible interacting proteins. The
resulting peptides were submitted to nano-LC MS/M8ntified peptides were pre-processed
by MaxQuant (v.1.2.2.9) to generate peak listsctviwere then submitted to the Andromeda
search engine and searched against a zebrafiskimpddtabase. In addition, the data were

analysed for the presence of the zebrafish srGAR&@inal peptides as a positive control.
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. srGAP1 C-terminus
55- |

-

- RALE GST-protein
25-

Fig. 7.41: GST-pulldown assay of the C-terminal fusion protein of srGAP1 with 48 hpf zebrafish embryos.

The GST-fusion protein of the C-terminal srGAP1 protein and GST protein aone were bound to GSH beads and incubated
with zebrafish embryo lysate. The samples were washed and separated on a 10 % SDS gel. The gel was stained with
Coomassie Blue and destained in destaining solution. (S) Standard, (1) negative control: GST (24 kDa) (2) GST-srGAP1_C-
terminus fusion protein (55 kDa). Framed and numbered areas (1-6) on the 10 % SDS gel were digested with trypsin and
analysed with nano LC-MS.

Based on the MS/M S spectra analysis 571 proteins were identified. From them 141 proteins
with the lowest PEP score were selected and examined for their peptide coverage in
comparison to the GST negative control. Figure 7.42 shows a chart with the identified
proteins. Unlike the pulldown with the rat brain tissue for the human srGAP1 C-terminal
fusion protein, the majority of the proteins are non-specific contaminants, like ribosomal
proteins (13 %), yolk-derived proteins (6 %), proteins from the eyes (3 %) or muscle tissues
(8 %) as they were detected in the negative control and the sample to the same extent. The
annotation of the zebrafish genome is not complete yet, which might explain the 21 % of
uncharacterized proteins. Furthermore, proteins with unknown function were detected (34 %).
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yolk specific muscle-associated
proteins proteins

6% 8%
eye-associated

proteins
()
3% blood-related
proteins
3%
ribosomal proteins
13%
proteasome-
related proteins
4%
histone proteins
1%
enzymes

antioxidant 4%
proteins
2%

14-3-3 proteins
1%

Fig. 7.42: Categorization of identified proteinsin the zebrafish embryo pulldown.
Proteins were identified through a pulldown with zebrafish embryos, using GST-tagged srGAP1 C-terminal fusion protein
and analysed by nano LC-MS/MS. The categorization was assigned according to the Universal protein resource database

(http://uniprot.org).

In conclusion, no specific interaction partner could be identified by the GST-pulldown with
zebrafish embryos. One obvious reason for this might be the degradation of the bait protein by
contamination with proteases. SsGAPL is mainly expressed in the brain, a pulldown with
zebrafish brain tissue should be considered. This might be more successful in the assessment
of similar candidates as it was done for the human srtGAP1 C-terminus. So far, it can be
assumed that the srfGAP1 protein is not only a crucial factor in the Slit-Robo pathway, but
possibly also in multiple other pathways, like actin cytoskeleton regulation, endocytosis and

vesicle transport.
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7.2 STRUCTURAL AND FUNCTIONAL CHARACTERIZATION
OF THE FBAR DOMAIN OF THE HUMAN CAROM PROTEIN

As mentioned before the BAR superfamily contaimed¢hsubfamilies. Recently, the subfamily
of I-FBARs was described (Couthino-Budd et al., BOG&uerrier et al., 2009). Though several
FBAR containing proteins have been solved (Synd@B: 312W, Edling et al., 2009), CIP4
(PDB: 2EFK, Shimada et al., 2007), FPB17 (PDB: 2EFhimada et al., 2007), the structural
properties of I-FBAR domains have not been deteechiyet. Furthermore, the mechanism of
how they induce membrane invagination remains uwknd\ recent study about the to the
srGAP family phylogenetically related Nwk protewhich also contains a N-terminal FBAR
domain, reported inverse FBAR activity (Becalskalet2013). To understand the difference
between “classical” FBAR domains and inverse FBA#indins structural and functional

studies were performed on the human homolog of Nwelkpm.

7.2.1 BIOCHEMICAL CHARACTERIZATION OF THE FBAR DOMAIN OF
THE HUMAN CAROM PROTEIN

carom encodes a protein, composed of a conserved FBARatoand two SH3 domains. The
protein is so far poorly characterized, but itsction seems to be connected to endocytosis and
cell migration. According to a study of iRrosophila homolog, Nwk, this FBAR domain is
assumed to have a membrane deforming activityrdiffjefrom previously described BAR and
FBAR proteins and sharing similarity to the acgwvitescribed for the srGAP protein family
(Becalska et al., 2013).

7.2.1.1 Purification and biochemical analysis ef BBAR domain of the human Carom protein

The recombinant FBAR domain of the human Caromgmatomprising amino acid residues
1-424, was overexpressedHncoli Rosetta DE3 cells (Fig. 7.42). This construct aorg a C-
terminala-helical extension, which has been shown to beedisable for filopodia formation

in S2 cells in a previous study (Becalska et &#13). To be able to compare the results of the
functional analysis of the Carom FBAR domain witlerh obtained for the srGAP1 FBAR

domain containing this extension, the longer FBA&yment was chosen.
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FBAR SH3 SH3
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421

Fig. 7.42: Domain composition of the full-length human Carom protein
The human Carom protein consists of a FBAR domainmaodSH3 domains. Its FBAR domain (1-424 aa, highbghwith a
red box) is presumed to bind to membranes and enchembrane protrusions.

The Carom FBAR domain, with a molecular weight df KDa, was purified in a two-step

purification by affinity chromatography using NiNT&nd size exclusion S75 (Fig. 7.43).

\/Carom FBAR

Void volume

Fig. 7.43: Gdfiltration chromatography profile and 10 % SDS gel of the FBAR domain of the human Carom protein
The Carom FBAR domain elutes in one peak. This cpamds to the band on the 10 % SDS gel at a moleadimht of 54
kDa (indicated by an arrow). The 10% SDS gel wametl with Coomassie Blue. Insert 1) ProteinPage RUller, insert 2)
concentrated fraction from the elution peak.

In order to analyse the oligomeric state of the RBlfomain in detail, a chromatography-mode
static light scattering was performed. The pro{dirmg/ml) was loaded on a size exclusion
column and subjected to analysis. The Carom FBARaio eluted in two peaks, the first one
at 100 kDa and the second one at 51 kDa, implyiagit probably exists as a mix of monomers

and dimers in solution (Fig. 7.44).
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Fig. 7.44: Static light scattering profile for the human Carom FBAR domain

For determining the molecular mass, the proteim@ml) was injected on a Wyatt size exclusion caiuand run with 0.5
ml/min at 4 °C. The FBAR of the Carom protein elutedwo peaks: the first one with a calculated siz&G® kDa (green
line) and the second with a size of 51 kDa (red)liThe chromatogram displays two graphs: in bhgeréfractive index and
in green and red the molecular weight.

Using published structures of the FBAR domains 5#43(PDB: 2EFL, Shimada et al., 2007)
and FBP17 (PDB: 2EFK, Shimada et al., 2007) as ke a structural model of the Carom

FBAR domain has been built (Fig. 7.45). This suggésat the Carom FBAR domain shows
the typical FBAR domain fold with six anti-paralkelhelices.

Fig. 7.45: PDB-based modé for the human Carom FBAR domain

The PDB-based model shows the potential structtiteeohuman Carom FBAR domain, based on the strdafiata of the
FBAR domain of CIP4 (PDB: 2EFL, Shimada et al., 200W) BBP17 (PDB: 2EFK, Shimada et al., 2007). The segel data
base research was conducted with HHpred and thelroehted with Modeller and edited with OpenSouttgmol 1.3.

The model coincides with the secondary structuadyars performed by CD spectroscopy (Fig.
7.46). The CD spectrum was recorded at room terhperat a wavelength ranging from 190
to 260 nm.
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Fig. 7.46: Secondary structure analysis of the human Carom FBAR domain by CD-spectr oscopy
For the measurement the Carom FBAR protein (0.5 mg/s)diluted in 20 mM Tris pH 8.0 and 50 mM NaF kufind 10
spectra were recorded on a Jasco Spectrometer dt840m temperature. The resulting spectrum wasaged.

The obtained spectrum shows a curve with two miratr208 and 222 nm that is typical ter

helical proteins.

7.2.1.2 First crystals for the human Carom FBAR diom

Since the biophysical characterization of the CakBAR domain showed the protein to be
properly folded, it was set up for crystallizatidorhis was done using the following Qiagen
Nextal Screens: Classic Suite | and Il, PEGs Sutel II, Protein Complex Suite, JCSG Suite,
PACT Suite and the Cryos Suite. The crystallisageh up yielded small rectangular native
crystals. Analysis of the crystals presented trst bata set at 2.8 A in 0.1 M Bis-Tris pH 5.5,
25 % PEG 3350 and 0.1 M NBAc (highlighted in Tab. 7.8).
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Tab. 7.8: Crystallization conditionswith Carom FBAR domain crystals

CRYSTALLIZATION CONDITIONS

DIFFRACTION

0.1 M HEPES
1.4 M tri-sodium citrate

no diffraction

0.1 M sodium cacodylate
5% PEG 800
40% 2-methyl-2.4-pentanediol

35A

25% PEG 3350

0.1 M Bis-Tris pH 5.5
0.1 M NH,OAc

=

30% PEG 1500

6 A

0.1 M Bis-Tris pH 6.5
0.2 M NaCl
25% PEG 3350

no diffraction

0.1 M HEPES pH 7.5
0.1 M NaOAc
22% PEG 4000

no diffraction

2.1 M DL-malic acid pH 7.0

no diffraction

To increase the quality of the diffracting crystaise purified Carom FBAR domain was

subjected to extensive crystallisation screens @ifferent buffers, salts as well two differently

sized PEGs (Tab. 7.9). The initial condition ishhighted in Tab. 7.8 and was varied in its

buffer concentrations (0.1 M - 0.4 M), its pH ran@él 5 - 7.2) as well as in the precipitant

concentration (18 % - 33 %). All conditions weré e as duplicates at room temperature and

at 4 °C. Despite this effort, no better diffractiogystals were obtained by varying the initial

condition.
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Tab. 7.9: Variation of the crystallization conditions for initial set up of the Carom FBAR domain

BUFFER Bis-Tris Acetate Phosphate Citrate
CONCENTRATION 0.1 M-0.4 M 0.1 M-0.4 M 0.1 M-0.4 M 0.1 M-0.4 M
PH RANGE 5.0-7.2 3.6-5.6 5.0-8.0 3.0-6.2
SALT NH4OAc NaOAc Mg(OAc)
CONCENTRATION 0.1 M-0.4 M 0.1 M-04 M 0.1 M-04 M

PRECIPITANT 18%-33% 28%-32% PEG 28%-32%
PEG 3350 1500 PEG 6000
TEMPERATURE room 4°C
temperature

An attempt was made to resolve the 2.8 A crysttd dat by molecular replacement with the
help of the available structures of the FBAR dommaih CIP4 (PDB: 2EFK, Shimada et al.,
2007) and FBP17 (PDB: 2EFL, Shimada et al., 20@87$earch models. Both proteins are
related FBAR domains to the human Carom FBAR domaitihh a mere sequence identity of
12 % and 17 % and a shorter length compared t6B#R domain of Carom. Unfortunately,
the molecular replacement effort did not lead tp @asults.

Another approach to solve the structure of the @aFBAR domain was applied by soaking
experiments with platinum and mercury salts witlprogluced crystals from the native
condition, which originally yielded the 2.8 A datat. Heavy metal soaking relies on the fact
that molecules diffuse into the protein crystal andd to the crystal lattice. Typically,
numerous heavy atom salts must be screened beferis tound to bind to the crystal without
damaging the crystal lattice. Here, platinum andcomy salts form the Hampton Research
Heavy Atom Screens were applied, according to tm&éimum pH (Tab. 7.10). This screen
was designed to offer convenient sets of populavjhetom compounds. For the soaking
experiments the crystals were transferred frommbher liquor to the solution with 10 mM of

the heavy atom salt and incubated either for feursior overnight.
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Tab. 7.10: Heavy atom screen for the Carom FBAR domain

HEAVY ATOM SCREEN | DIFFRACTION
PLATINUM

Pt1 45 A

Pt2 7A

Pt3 4-5 A

Pt4 3.5-4 A
Pt5 no diffraction
Pt6 no diffraction
Pt8 5-6 A
Pt10 no diffraction
Pt12 no diffraction
MERCURY

Hg2 no diffraction
Hg3 no diffraction

Even though several platinum salts bound to theéeproand crystals were obtained, the
structure could not be solved from the resultingtallisation data.

Therefore, selenomethionine-labelled protein wasfipd and subjected to crystallization
screenings for experimental phasing. The proteis wxerexpressed in bacteria, grown in
medium containing selenomethionine as the only @wof methionine. This allows for the
complete replacement of the methionine residuessélgnomethionine in the protein.
Selenomethionine-substituted proteins can be soligd the multi-wavelength anomalous
dispersion (MAD) method. This method resulted ia ¢inowth of small rectangular crystals in

different crystallization setups (Tab. 7.11).

Tab. 7.11: Crystallization conditions of the selenomethionine-substituted Carom FBAR domain and the obtained
diffraction data sets

CRYSTALLIZATION CONDITIONS | DIFFRACTION RESULT

0.2 M Ca(OAc) 10 A could not be solved
0.1 HEPES pH 7.5
10% PEG 8000
0.2 M CaC} 3A could not be solved
0.1 M HEPES pH 7.5
28% PEG 400

0.1 M Tris pH 8.5 9A could not be solved
0.2 M MgCh
15% PEG 4000

too small cell?
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Crystals from 0.1 M Tris pH 8.5, 0.2 M MgCand 15 % PEG 4000 diffracted to a resolution
of 9 A. Another crystal from 0.2 M Ca£0.1 M HEPES pH 7.5 and 28 % PEG 400 diffracted
to a resolution of 3 A. But processing of the daaresulted in a small unit cell, which did not
fit the Carom FBAR domain. However, performed magectrometry analysis of the
selenomethionine crystals showed that the crystate indeed composed of the Carom FBAR
domain. Additional screenings did not lead to arygtals providing better diffraction by using
the selenomethionine labelled crystals.

Finally, the obtained native crystals were ideatlfwith molecular replacement as tetrameric
E. coli beta carbonic anhydrase, a contaminating protejoucified from the expression host.
This was also confirmed with mass spectrometryyaiml

By varying the crystallization conditions more psety for the selenomethionine labelled
protein, it may be possible to define the structitie Carom FBAR domain. This information
would give new insight into the structural propestiand functional mechanism of I-FBAR

domains.

722 MEMBRANE DEFORMING ACTIVITY OF THE HUMAN CAROM
FBAR DOMAIN

The FBAR domain of Nervous Wreck froDrosophila has been shown to have a negative

membrane deforming activity (Becalska et al., 20T8)s deforming activity is similar to that
of the srGAP family. Both FBAR domains functionatiymic I-BAR domains though they do
not bear any detectable sequence homology. Tordieiethe role of the Carom FBAR domain
and to compare its function with that of the FBABhin of SrtGAP1jn vitro assays with
GUVs in cooperation with Dr. Aleksander Czogalla(ti Institute, Dresden) and Dr. Nathalie

Eisenhardt (MPI for Developmental Biology, Tuebinj@vere performed.

7.2.2.1 The Carom FBAR domain induces scallopingiafit unilamellar vesicles

The main characteristic of FBAR domains is to kand bend membranes. In chapter 7.1.3.3 it
is shown that the FBAR domain of the zebrafish SF&Anduces membrane deformations of
giant unilamellar vesicles (see Fig. 7.11). The aararom FBAR domain is implicated to
have a similar functional role. To confirm this asgption a GUV assay was performed by Dr.
Aleksander Czogalla. GUVs were incubated with tBAR protein overnight and the reaction

chambers were examined with confocal fluorescenceostopy. Figure 7.47 shows the effect
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of the human Carom FBAR domain on 0.5 % DiD-lalkllesicles in comparison to a buffer

control.

Buffer Carom FBAR domain

R

Fig. 7.47: Scalloping of giant unilamellar vesicles by the human Carom FBAR domain
Deformation of DiD-labelled giant unilamellar velsis (red) after overnight incubation with (A) berff{20 mM Tris pH 7.5,
300 mM NaCl) and with (B) Carom FBAR domain. Arrowsmido deformation. Scale bars: 20 pm.

When incubated with the Carom FBAR domain, vesishesv a strong scalloping (Fig. 7.47 B),
compared to the buffer control showing circular GUFig. 7.47 A). After an overnight
incubation at 4 °C, almost 80 % of the giant ungd#lar vesicles were deformed in comparison
to the control vesicles in buffer. This result sogp the assumption that the Carom FBAR
domain, like the FBAR domain of the srGAP familgldngs to the novel

I-FBAR domain subfamily.

7.2.2.2 The Carom FBAR domain binds to giant undtan vesicles

By varying the experimental set up, | wanted toneixe if the deformations of the GUVs are
specifically induced upon binding of the Carom FBAIBmain. For this | performed an
additional GUV assay with Alexa-488-labelled FBARtein with the help of Dr. Nathalie
Eisenhardt. Two different kind of vesicles were gyated: first using vesicles from the Endo-
Mix, containing negatively charged lipids, (Figd&) and secondly vesicles containing Folch |
+ 5 % PIB (Fig. 7.49). Both were labelled with 0.5 % DiDtHen used Alexa-488-C5-
maleimide to label the thiol groups of the 7 cysteiesidues in the Carom FBAR domain. The
protein was incubated with the dye for 2 h at 25 FRen the reaction was inhibited with 1 M
B-ME and free dye was separated from the labelletepr by a Sephadex G50 column. The
vesicles were incubated overnight at 4 °C withdxudi the Carom FBAR domain. The reaction

chambers containing the vesicles were imaged withchannels, Alexa-488 and DiD.
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Fig. 7.48: The Carom FBAR domain defor ms giant unilamellar vesicles composed of negatively charged lipids
For the GUV assay Endo-Mix DiD-labelled giant unikllar vesicles (white) were incubated with (A) feuf(20 mM Tris pH
7.5, 300 mM NaCl) as negative control and (B) thexAid88 labelled FBAR domain of the human Carom prdigiaen).

Binding of the Carom FBAR domain to vesicles is accamgzhby slight deformation effects, indicated wath arrow. Scale
bars: 20 um.

Control vesicles generated from negatively chaidgads show no signal in the Alexa-488
channel (Fig. 7.48 A). Incubation with the FBAR damlead to slight deformations of the
vesicles (Fig. 7.48 B). This can be attributechm EBAR domain, which is observed as a clear
signal in the Alexa-488 channel. In the next stbp, effect of the Carom FBAR domain on
vesicles generated from Folch | with 5 % PWas examinedn order to determine if vesicles
composed of a different lipid mix show the samee@fivhen incubated with the human Carom
FBAR (Fig. 7.49).
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Fig. 7.49: Scalloping of giant unilamellar vesiclescomposed of Folch | and 5% PI P2 by the human Carom FBAR domain
Giant unilamellar vesicles were generated from lrdle 5 % PIR and labelled with 0.5 % DiD. (A) Vesicles inculdhtsith
buffer (20 mM Tris pH 7.5, 300 mM NacCl) (B) Vesiclexubated with Alexa-488 labelled Carom FBAR domaimoivs
point to deformation. Scale bars: 20 um.

GUVs containing labelled Carom FBAR domain a cheatkible in the Alexa-488 channel
showing severe deformation (Fig. 7.49 B), wherbasbntrol is not the affected (Fig. 7.49 A).
The results indicate that the FBAR domain bindth®vesicles and induces scalloping. The
higher level of deformation for the Folch | and 5 generated GUVs can be explained by
the higher amount of Pifn the vesicle preparation and a higher affinity=olch | lipids. With
the Alexa-488-labelled protein it could be cleahown, that the deformation of the vesicles is

indeed induced by the FBAR domain of the human @apootein.

7.2.2.3 Time-dependence of the deformation of gimilamellar vesicles by the Carom FBAR

domain

In the following, the time frame, in which the defaations of the GUVs become apparent was
examined. The assay was carried out by Dr. Aleksia@dogalla. Vesicles were generated from
negatively charged lipids. The assay was performedtime frame of 24 h and images were
taken after 5 h, >5 h and 24 h incubation with@aeom FBAR domain (Fig. 7.50).
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Fig. 7.50: Time-dependent defor mation of giant unilamellar vesicles by the Carom FBAR domain
Vesicles (red), generated from negatively chargadd and labelled with 0.5 % DiD were incubatedrvthe Carom FBAR
domain for 5h (A), >5h (B) and overnight (C) at 4 B@formation are indicated with an arrow. Scalesha® pum.

Strong deformation was observed after an overnightbation (Fig. 7.50 C). Figure 7.50 A
shows a slight deformation after 5 h, though ipassible that the deforming processes start
earlier. It seems that the Carom FBAR domain indudeformations of vesicles in a time-
dependent manner.

Taken together, the functional analysis of the FBédtnain of the human Carom protein
implicated a negative membrane deforming activityas able to show this im vitro assays
with GUVs. The different degree of scalloping ie fherformed experiments could be attributed
to different stocks of lipids used for generatihg wesicles. All results indicate an inverse
FBAR activity for the FBAR domain of Carom, similer the results of the Nervous Wreck
FBAR domain scalloping and the srGAP1 FBAR domadime membrane deforming activity
of the Carom FBAR domain seems to be stronger, thamactivity of the srtGAP1 FBAR
domain and more comparable to the scalloping indlbgehe FBAR domain of Nervous Wreck
(Becalska et al., 2013). Determination of the stirecof the Carom FBAR domain would have
supplemented detailed information about the shapleecdBAR domain. The current findings

indicate a potential new member in the inverse FEBABfamily.
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3. DISCUSSION

The srGAP family is known to be involved in Slitpgsndent axon repulsion as well as in the
regulation of neuronal migration, neuronal morplkglo spine maturation and synaptic
plasticity (Bacon et al., 2011; Carlson et al., ROCharrier et al., 2012; Guerrier et al., 2009;
Soderling et al., 2002; Soderling et al., 2007, Wenhal., 2011). Two members of the sSrtGAP
family, srGAP2 and 3 have been implicated in sevaental illnesses, such as mental
retardation and the neurodevelopmental syndrontbi¢ating a crucial role of this protein
family during brain development (Carlson et al.1 20Saitsu et al., 2011). The FBAR domain
of this family shares functional properties witle thiBAR domains of IRSp53 and MIM by
inducing membrane protrusion instead of membramagimations as observed for classical
FBAR domains (Couthino-Budd et al., 2011; Frosilet2007; Itoh et al., 2005; Mattila et al.,
2007; Millard et al., 2007; Saarikangas et al., DORecent studies functionally define the
SIGAP family as part of a new subgroup in the BAlpesfamily, the I-FBAR domain
containing proteins (Carlson et al., 2011; Couttoald et al., 2011).

In this thesis, | focused on the biochemical, stmad and functional characterization of
human and zebrafish stGAP1 proteins as well aher-BAR domain of human Carom. In
the following chapters the role of the srGAP1 pirotand the resulting function will be

highlighted and critically analysed.

8.1 SRGAPI 1S EXPRESSED IN NEURONAL TISSUES OF
ZEBRAFISH EMBRYOS

Members of the srGAP family are involved in neuldopebcesses, such as repulsive axon
guidance and neuronal migration (Endris et al.,120Eew studies show information about
the expression and distribution @fjaps, though this might provide us with new clues te th
function of this family.In this thesis, the expression sitesmjapl were analysed for the first
time in zebrafish embryos. The developmental asglig-specific expression analysis showed
that srgapl is mainly expressed in neuronal tissues in zedltaBmbryos supporting its
involvement in neuronal processes. In previousistutihe expression patternssofjapl were
analysed in mouse and rat embryos as well as huibetuses, showing preferential
expression in neuronal tissue as well, indicatingpaserved expression pattern sogapl
(Tab. 8.1) (Bacon et al., 2009; Ip et al., 2011;nyet al., 2001).

126



Tab. 8.1: Summary of known expression sites of srgapl

zebrafish Mice rats Human
(thisthesis)
Forebrain Cerebellar plate| Subventricular zone Subventricular
(forebrain) zone
Hindbrain Cortical plate
Intermediate zone
Midbrain Dorsal root
ganglia Corticospinal
Expression Olfactory bulb axons
sites Olfactory bulb
Pectoral fins
Spinal cord
Retina
Spinal cord
Ventricular
zone
Tail

In this work it is shown that in early hours of thebrafish development (16 hphgapl is
expressed more broadly, whereas in later stages48%pf) the expression sites concentrate
to the head region. The expressiors@fapl appears to be evenly distributed and not to be
localized to specific areas, such as in the olfgcepithelium and specific nuclei in the
hindbrain, as it could be shown fosbo2. When later stages than 48 hpf were analysed the
expression sites ofrgapl were hardly detectable. This can be either causgdess
penetration of the mRNA probe or a reduced levesrghpl expression. Analysis of co-
localization withrobol, robo2 androbo3 resulted in distinct overlapping expression sites
with robol in the fore- and hind brain area as well as ingpimal cord. This might be an
indication for a possible interaction of both proseor at least the participation of srtGAP1 in

pathways in which Robol is involved in, such asmagathfinding and axon branching.

8.2 THE SRGAP1 FBAR DOMAIN BELONGS TO THE INVERSE-
FBAR SUBFAMILY

An important aspect of neuronal migration includingptility, cell division and cell
communication is the remodelling of membranes. dingtcan bind to membranes, impose,
stabilize or preferentially bind specific membranevatures. Besides this, they can recruit
additional effector functions to specific regionistioe cell (Henne et al., 2007). There are
several known membrane binding domains C1, C2,AVE, PX and ENTH (Hurley et al.,
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2006). Lately, proteins with a membrane binding BABmain have emerged (Chitu and
Stanley, 2007; Itoh and De Camilli, 2006; McMahondaGallop 2005). BAR domain
containing proteins bind to membranes and inducdeipendence of the type of the BAR
domain membrane invaginations or membrane protnssi#ig. 8.1). BAR, N-BAR and
FBAR domains induce tubular membrane invaginatiamsereas I-BAR domains lead to

membrane protrusions.

BAR/FBAR I-BAR

Fig. 8.1: Model of membrane defor mation

Possible mechanism for membrane deformation by BBRE domains and I-BAR domains. The membrane is degim

brown and the membrane binding domain in blue. @akBAR or FBAR domains bind with their concave so€do the
membrane and thereby lead to membrane invaginatibareas I-BAR domains bind to the inner-leafletha thembrane
with their convex interface and lead to membrarérpsion (modified, Scita et al., 2007).

In this thesis, the FBAR domain of srGAP1l has bebaracterised biochemically and
functionally. Using a GUV-basedn vitro system, a negative regulation of membrane
deformation by the FBAR domain of srGAR&as been demonstrated. When incubated with
GUVs the srGAP1 FBAR domain leads to inward defdioms of the vesicles. This
observation coincides witfunctionalin vivo studies concerning other members of the srtGAP
family, which show that the srGAP FBAR domain aotd in its classical way by inducing
membrane invagination, but rather leads to membpaotusions upon binding. A receimt
vivo study in cortical neuron and Cos7 cells with Allee members of the srGAP family,
demonstrated that the degree of membrane protrusaaes among the members. In this
context it was shown that srGAP2 seems to induoager filopodia formation compared to
srGAP1 and 3 (Couthino-Budd et al., 2012; Endrislet 2011; Guerrier et al., 2009). In
general it was noted, that srGAP1 is less potenhdicing filopodia like structures when
expressed in cells. Therefore, it seems to be nmpertant for membrane stabilization as
opposed to membrane deformation during expressi@oitical neuron cells (Couthino-Budd
et al., 2012). The ability of the srGAP1 FBAR dom&b induce membrane invagination,
when incubated with liposomes or giant unilamellesicles, is reminiscent of the activity of
the presumably structurally related I-BAR domainnteaning proteins (Mattila et al.,

2007, Millard et al., 2007,Saarikangas et al., 2808 Scita et al., 2008). The I-BAR domain
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of Pinkbar induces planar or gently curved membsdnectures similar to the srGAP1 FBAR
domain. It was suggested that the Pinkbar I-BAR @anoligomerizes, thus deforming
cellular membranes (Pykalainen et al., 2011). Tkemult is consistent with the proposed
mechanism of coat formation of F-BAR domains, inickhmultiple interactions, including
lateral and tip-to-tip contacts, contribute to tsi@bilization of F-BAR domain coats on
membranes (Frost et al., 2008). If this is alsoctee for the srtGAP1 FBAR domain has to be
examined.

One explanation for the behaviour of the srGAP FBdd®nains, deviating from other BAR
domains could be a different curvature of the FBA®&mains, which lead to a different
distribution of positively charged residues on sheface, similar to that of the I-BARs
(Guerrier et al., 2009). The extent of membran®wmheétion seems to be also dependent on
the flanking sequences of the FBAR domain. For Aipipysin it was reported that it
performs different functions in cellular contexipeeading on its flanking sequences (Itoh and
Camilli, 2006). To analyse this in more detailustural data of the srGAP1 FBAR domain
are necessary. In a previous study a structuraleimfasl the srGAP3 FBAR domain was
created based on alignments with the FBAR domaihdBP17, CIP4, and FCHo2.
Divergence from the canonical FBAR domains was estggl through multiple sequence
alignments, which showed that residues which wdemntified to interact with membrane
lipids were not conserved in the srtGAP3 FBAR domadine structural model provides an
estimation of the srGAP3 FBAR domain, which seem$é less curved compared to the
solved FBAR domains (Carlson et al., 2011). Fromdhtained functional data in this thesis,
it can be assumed that this FBAR domain, therefmight be less curved and more planar
than other characterized FBAR domains.

Another factor, which could influence the membraireling activity of the FBAR domain, is
a potential autoinhibition. A mutation in the SH®ntain of srGAP2 reduced neurite
branching. A complete lack of the SH3/C-terminait pastored the ability to inhibit neurite
branching. This contradictory finding suggested th@ SH3 and C-terminal domain could
block the srGAP2 FBAR dimerization and thus prevanting to the membrane (Coutinho-
Budd et al., 2011) (Fig. 8.2). This autoinhibitonechanism is observed for FBAR domain-
containing proteins, like syndapin 1, endophilin @mphiphysin (Meinecke et al., 2013; Rao
et al., 2010), as well as RhoGAP proteins, like GR#nd Oligophrenin-1 (Eberth et al.,
2009). For the FBAR domain of syndapin 1 crystatigdnic analysis revealed a basic
interaction surface on the FBAR domain, which iatés with the acidic surface on the SH3

domain. Also cell assays with Cos7 cells showed the full-length syndapin 1 shows no
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membrane tubule formation in contrast to the trtestayndapin 1, containing only the FBAR
domain. Binding of dynamin to the SH3 domain redsathe inhibition of the SH3 domain on
the syndapin 1 FBAR domain (Rao et al., 2010). Binresults were described for the FBAR
domains of endophilin and amphiphysin, which algmtain a C-terminal SH3 domain
(Meinecke et al., 2013). Oligophrenin-1 and GRARtamn a GAP domain instead of a SH3
domain. Here, a fluorescence-based GTP-hydrolysssiyashowed that the GAP domains
alone increased the intrinsic hydrolysis rate & @ilrPase Cdc42, whereas a longer protein
construct with the FBAR and the GAP domain redutieel stimulation of the intrinsic
hydrolysis rate of the GTPase by 50-fold. In trasethe BAR domain itself is the inhibiting
factor, though it is also suggested that the GARaln binding stabilizes the dimerization
state of the FBAR domain (Eberth et al., 2009).

FBAR o FBAR
inactive fnactive S
, A N GAP 4 GAP
- =@
PxxP  SH3 PxxP SH;)

" ®:

) FBAR GAP SH3 PxxP
active

Fig. 8.2: Possible autoinhibition mechanism for the srGAP FBAR domain
Model for the auto-inhibition mechanism of the sS®/ABAR domain by SH3 and C-terminal domain. The abifbition is
abolished upon binding of an effector X to the Sté8nain (modified, Guerrier et al., 2012).

For the srGAP family it is assumed that the autiitibn is probably abolished through
effector binding to the SH3/C-terminal domain. Whiegtthe proposed mechanism is indeed
the case for the srGAP1 has to be investigataedoltld be also interesting to examine if the
FBAR of the srGAPL1 protein has an inhibitory effeatits GAP domain, like it is described
for GRAF and Oligophrenin-1 (Meinecke et al., 2013)
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The GUV-basedn vitro analysis of the FBAR domain of the human Carontging led to
scalloping of the GUVs upon incubation with the ABAlomain. When the srGAP1 FBAR
domain was incubated with GUVs under same conddi¢mwer extent of deformation could
be observed, which would confirm the assumption tha srGAP1 FBAR domain might be
less curved and might have a weaker affinity tovtbgcles. For both proteins the GUV assay
was more suitable than EM assays with liposomes.bigger size of the vesicles in the GUV
assay, allowed a better observation of the defoomahan it was possible in the EM assays
with the much smaller liposomes. Liposomes are msuwéable to visualize outward
tubulation than inward deformation. Early 20130cael study described the FBAR domain of
the Drosophila protein-Nwk, which is phylogenetically closely redd to the srtGAP family
and which is an orthologue of Carom. It reportedtéining and scalloping of GUVs, when
incubated with the FBAR domain of Nwk (Becalskaaét 2013). This suggested a novel
higher order structure and membrane-deforming iggtifor the Nwk FBAR domain
separating it from previously described FBAR pma¢eand demonstrating relation to the
activity of the FBAR domain of the sSrGAP family atite Carom protein.

In my in vitro assays using a higher amount of PlEd to a stronger deformation of the
vesicles in contrast to assays with a lower amot®iP.. Previousn vitro studies with BAR
domain containing proteins, suggested a high &fiof BAR domains to phospholipid-
containing liposomes (Itoh et al., 2005). Assoomatwith PIR is highly favoured by BAR
domains and the extent of tubulation is dependerhe PIR concentration. Based on the fact
that PIR shows a 25fold higher abundance in the plasma nambthe latter is most likely
the physiological binding partner of FBARs in thal¢Mattila et al., 2007). For the FBAR
domains of srGAP1 and Carom this specificity hasheen confirmed so far by measuring
dose-dependent binding of both FBAR domains te 8dRtaining membranes.

The BAR domain is a dimerization, membrane-binding curvature-sensing domain, which
can be found in many different protein contexis ability to sense membrane curvature led to
the assumption of a specific mechanism for spatrel temporal compartmentalisation of
proteins to specific membrane domains. With thelteobtained in this project an I-FBAR
activity for the srGAP1 FBAR domain as well as the Carom FBAR domain could be
shown. The observation that both proteins do ndtibéxinward tubulation on GUVs as
shown for IRSp53 (Saarikangas et al., 2009) and d¢s not show the outward tubulation
typical for other FBAR domains, makes them unigunegheir membrane binding activity.
However, the mechanism of the FBAR assembly andwhg, they control membrane

deformation, is still unknown and needs furthermeisiigation.
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8.3 THE SRGAP1T GAP DOMAIN BINDS TO THE RHOGTPASE
CDC42 AND INCREASES ITS INTRINSIC HYDROLYSIS RATE

GTPases are low molecular weight guanine nuclediidding proteins, which function as
binary switches by cycling between an active andirattive state. The activity of the
GTPases is dependent on the GTP/GDP ratio in themé can be influenced by different
regulatory proteins (Schmidt and Hall, 2002). Itshiaeen reported that BAR domain
containing proteins interact with GTPases throdghrtBAR domains. The GTPases Arf and
Rac, both bind to the BAR domain of Arfaptin (Halann et al., 2004; Kanoh et al, 1997;
Peter et al., 2004; Van Aelst et al., 1996). Memlarthe Toca family, CIP4 and Toca-1,
contain a Cdc42 binding module, called HR1 at ther@inal part of the FBAR domain (Ho
et al., 2004). Several BAR domain containing prigeilike PACSIN2, IRSp53, MIM and
Abba show interaction with GTPases as well. Howevés reported that the binding sites for
GTPases overlap with the site for Piinding, hinting towards a competing interactibed

et al., 2007; Matilla et al., 2007). There are at®&weral BAR domain-containing protein
families having flanking domains, which specifigabind to GTPases. The srGAP family
contains a GAP domain next to the FBAR domain. previous study using HEK cell assays
it was shown that the srtGAP1 GAP domain tendsteract with Cdc42 and RhoA (Wong et
al., 2001).

In my experiments the srGAP1 FBAR domain does hoisany signs of interaction with
RhoGTPases, Cdc42, RhoA and Racl, in GST-pulldowatysis as well as co-expression
and co-purification experiments, indicating a sfieciole for the GAP domain. Several
methods were applied, to examine whether a RhoGTBasts which is specific for the
srGAP1 GAP domain. This included the stopped-floethod, fluorescence spectroscopic
measurements and HPLC. Unfortunately, none of tsbowed a clear effect of the GAP
domain on the acceleration of the intrinsic GTPrbiyis activity of any of the RhoGTPases.
An explanation for this could be that the used dronhe labelled nucleotides are not suitable
as no significant change of the fluorescence sigwalld be detected. To determine the
activity and specificity of the srGAP1 GAP domairsteuctural approach based on different
NMR methods, heré’F and3P-NMR, was applied. Using this approach, activifytioe
srGAP1 GAP domain and a specific interaction witdc€2 could be shown. Table 8.2
summarizes the specificity of all three membergshef srGAP family for one of the three
RhoGTPases, Cdc42, RhoA and Rac.
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Tab. 8.2: Summary of RhoGT Pase family specificity and their detection method for the three member s of
the srGAP family

srGAP family member RhoGTPase Detection method

srGAP1 Cdc42, RhoA * HEK cell assay (Wong et al., 2001)
only Cdc42 « SIP.NMR, °F-NMR (thisthesis)

SIGAP2 Racl » fluorescent-based GAP assay with

purified srGAP2 GAP  protein
(Guerrier et al., 2009)

SIGAP3 Racl « 3P |abelled GTPase assay (Soderling
et al., 2002)

* cerebellar granular neuron assay
(Soderling et al., 2002)

The specificity for Cdc42 seems to be conservetifierent organisms as both, the zebrafish
and the human srGAP1 GAP domains show the samefisp@teraction with Cdc42. It
seems that both GAP domains show full activity omlythe presence of species specific
Cdc42. The human srGAP1 GAP domain affects thensitr hydrolysis rate of the zebrafish
Cdc42 to a lower extent with less than 10 % agtiggdmpared to the human Cdc42, while the
zebrafish srGAP1 GAP domain shows no effect oninttresic hydrolysis rate of the human
Cdc42. The species specific binding is surprisisighe sequence identity between the human
and zebrafish Cdc42 is 98 %. Whether this is cabsethe last 13 aa, which are missing at
the C-terminus of the human Cdc42 protein constisiainclear. Due to its flexibility the C-
terminal region of the zebrafish Cdc42 cannot bseoked in the HSQC spectrum. This is
consistent with a previous published result (Fefthet al., 1997). No peaks emerge in this
region after we added the srGAP1 GAP domain. Theeeit might be assumed that the 13 aa
are not important as they are beyond the binditeg wihich was narrowed down to the Switch
| region. In a previous study, in which the crystalicture of Cdc42 was solved, it was noted
that the C-terminal region of the protein was digoed and only partly visible in the electron
density map. Therefore, it has been assumed tkaCtterminal part of the protein is only
providing a tail, which anchors the protein in thembrane compartment, a prerequisite for
its biological function (Rudolph et al., 1999).

The interaction with Cdc42 possibly connects srGA® processes taking place during cell
polarity determination, cell cycle regulation angine formation. Moreover, through this
interaction srGAP1 would be involved in severe @fiees, like cancer by affecting cell
migration and invasion and also mental retardatdmch is caused by abnormalities during

spine formation (Newey et al., 2004; Ramackerslet2802; Schmidt and Hall, 2002;).
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Affiliation of members of the srGAP family in mehtatardation has already been shown for
SrGAP3 (Endris et al., 2002).

8.4 IDENTIFICATION OF POTENTIAL NEW PATHWAYS FOR
THE SRGAP1 PROTEIN

The function of the C-terminal domain of srGAP1 Immd¢ been characterized so far. It is
assumed that it might act as a protein binding anatonnecting srGAP1 to other unknown
pathways. Bioinformatical analysis of the C-ternhidamain of the srGAP1 protein predicted
several protein binding motifs for SH3 domains 4+3t3 proteins. In this study, a screen with
GST-tagged srGAP1 C-terminus was performed, to fmovel interaction partners for
srGAP1. The pulldown was carried out with rat brassue and was analysed by mass
spectrometry, to identify potential binding parsésr the human srGAP1 protein.

Several potential candidates involved in neuromatg@sses, endocytosis, vesicle transport,
cell cycle and actin cytoskeleton regulation haeerbidentified (Fig. 8.3). Some of these
proteins have been already reported as potentidirig partners for members of the srGAP
family.

regulation of
actin
polymerization

cell cycle
control

: microtubule
morphogenesis assembly and
and migration regulation

Fig. 8.3: Potential pathway involvementsfor the srGAP1 protein

The pulldown with rat brain tissue and the analysighe pulldown with mass spectrometry identifieglveral potential
binding partners for srGAP1, which are involvechiuronal morphogenesis and migration, endocytosigilation of actin
polymerization, cell cycle control and microtubaksembly and regulation.

Many FBAR containing proteins, like FBP17, CIP4, IN8yndapin 1 and PSTPIP bind to N-
WASP and Dynamin (Coyle et al., 2004; Itoh et 2005; Kessels et al., 2002; Merilainen et
al., 1997; Qualmann et al., 1999 and 2000; Tsejtal., 2006; Wu et al., 1998). Previous
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studies also indicated interaction of sSrTtGAP2 whk WASP complex, which is involved in
filopodia formation (Miki et al., 1998). For srGAR® interaction with the related WAVE1
protein was reported (Endris et al., 2011). In thildown, members of the WAVE complex,
Nckl and Abil, have been identified. Although aedirinteraction of srGAP1 with both
proteins has to be confirmed, it appears to bdyliR&AVE is a small G-protein effector that
has been shown to be important for actin nucleatowanching of the actin meshwork in
lamellipodia (Suetsugu et al., 2003, Yamazaki gt2005), which activates the RhoGTPase
Rac and the Arp2/3 complex. Other possible intevagbartners are different subunits of the
14-3-3 protein family, which are mostly involvednmitotic signal transduction, apoptosis and
cell cycle control (Fu et al., 2000; Meek et aDP2; Tzivion et al., 2001). Here, the subunits
gamma, theta and zeta have been identified. Faeldkted proteins (Tab. 7.6) the identified
interaction has to be verified with other methodsshow direct interaction. In comparison,
the pulldown with zebrafish embryos did not yieldamclusive result as most of the identified
proteins were contaminants. One reason for thie higmber of contaminants might be the
degraded target protein. An explanation for thmdand almost complete degradation of the
target protein, can be the presence of mere camtems of pronase that is applied to the
zebrafish embryos for dechorination. Although thembeyos are washed afterwards
extensively, this does obviously not completely ogmthe protease. A control gel with the
purified fusion protein appeared to be stable. &&uture experiment it should be considered
to carry out a pulldown with adult zebrafish bratesavoid pronase treatment as well as
contamination with muscle tissue and eye- assatigi®teins as well as yolk-specific
proteins. A classical problem of protein mass spewttry in the assessment of protein
complexes is, the difficulty to distinguish reabrin adventitious protein associations. To
verify in vivo interaction of the selected mass spectrometry idateb identified in this
project, several approaches can be pursued. Perfigen of co-expression and co-
immunoprecipitation assays in HEK or Cos7 cellgespnt one possibility to eliminate false
positive candidates. In such experiments, srGARILi@npotential interaction partner will be
tagged with two different markers, for example Gl mCherry, and their localization can
be analysed with the help of fluorescence microgcQu-expressing candidates can then be
verified by co-immunoprecipitation experiments be tproteins can be purified and binding
affinities could be determined with isothermal aiton calorimetry (ITC) or microscale
thermophoresis (MST).

In Fig. 8.4 a model showing the possible functiohgach domain of the srGAP1 protein is
presented. The data obtained within this projeearty show that the FBAR domain of the
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SsrGAP1 protein differs in its membrane binding tyi clearly from classical FBAR

domains. The extent of the invagination observethivitro assays, is indicative for a less
curved shape of the FBAR domain. This is confirmatth the results obtained for the Carom
FBAR domain, showing a complete deformation of gianilamellar vesicles in contrast
pointing to a probably highly curved FBAR domairheTsrGAP1 GAP domain specifically
binds to Cdc42 and increases its intrinsic hydislgstivity. The binding site was mapped to
the Switch | region of the Cdc42 protein. An aduhal involvement of the srGAP1 protein in
other pathways, like cell migration, signal transdthn process, vesicle transport and
organization of microtubules besides the Slit-R@adhway are indicated by the potential

binding partners identified by mass spectrometry.
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Fig. 8.4: Role of theindividual srGAP1 FBAR domains

The members of the srGAP family contain a FBAR, GAPI3 and C-terminal domain. The SH3 domain (orarigged

binds to the cytosolic domain of the Robo receptaus activating the srGAP1 protein and involvingnitthe Slit-Robo-
pathway, leading to axon repulsion during neuratelelopment. Activation of the srGAP1 protein ledolsan increased
activity of its GAP domain (yellow box), which spfcally binds to a member of the RhoGTPase famgc42, and
increases its intrinsic GTP hydrolysis rate, tmishbiting all downstream processes and preventitig @olymerization. The
FBAR domain (blue half moon) binds with its negatyveharged concave surface to the positively chargethbrane and
leads to membrane bending/deformation. The C-taxhdomain contains a PxxP motif and additional oiretein binding
motifs and is assumed in protein-protein interactimd thus involving the srGAP1 protein in new paths (modified,
Wong et al., 2001; Hohenester et al., 2008).

The srGAP proteins can be linked to different sigrescades. This is supported by their
distinct expression sites in neuronal tissue of seoand rat embryos as well as human
foetuses (Bacon et al., 2009; Ip et al., 2011; Wengl., 2001) and as shown fagapl in
zebrafish embryos in this thesis. The differenttgirodomains of the protein, not only the
FBAR domain but also the GAP and C-terminal domaiight work together to implement
the srGAPL1 protein in signal cascades downstrea8livdnd Robol, as well as connect it to
other, related pathways; allowing the control ofnmbeane deformation during neuronal

migration.
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3.5 OUTLOOK

The results of this thesis confirm and complemergvipusly published data about the
srGAP1 protein, which indicated a different memierdanding activity for this protein, and
provide new data about the Carom FBAR domain. Heregontrast to previous studies
different types oin vitro approaches with GUVs were performed to visualifergnces in
the membrane binding activities of the srtGAP1 aratoBh FBAR domain. Both FBAR
domains lead to inward vesicle deformation instefitlibule formation. Additionain vivo
assays with Cos7 cells or neuronal cells and theststral characterization of these FBAR
domains would help to get a deeper understandirigi®@icomplex mechanism of membrane
binding and deformation, which differs from othesasmined FBAR domains, such as FBP17
and CIP4. A differently shaped FBAR domain, in cast to the already known canonical
FBAR domains could explain the membrane protrudaagivity of the srGAP family
members. Also the possible autoinhibition of theARBdomain should be analysed in cell
assays with full-length srGAP1 protein and a triedasrGAP1 protein with the FBAR
domain only. Similar experiments should be carmed for the Carom protein. When an
autoinhibitory effect, possibly indicated by leabulation of the cells, which express the full-
length protein, is observed, direct binding of HBAR domain to the SH3/C-terminal domain
should be examined. Additionally, the effect of #I6GAP1 FBAR domain on the activity of
its GAP domain should be examined. Therefore, gepraonstruct with both domains should
be purified and its activity tested with the alrgastablished'P-NMR measurements. It can
be assumed that the activity of the srGAP1 protelies on the cooperation of its different
domains. Furthermore, the characterization of thiengial interaction partners, which were
identified by mass spectrometry analysis, regardimegr binding affinity to srGAP1 would
provide new information about possible unknown fiores of the srGAP1 protein and

contribute to a better understanding of the complexein network in the cell.
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