spectroscopy clearly showshelical 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.
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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
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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).
34 5 6 7 8 910 11 12

N

130-
100-
70-
55-
40-

35-
25-

e
15-

H“o
¢

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.

87



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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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.
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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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SH3
799 VQDVDDTFSDTLSQKADSEASSGPVTEDKSSSKDMNSPTDRHPDGYL ARQRKRGEPPP

PVRRPGRT SDGHCPL HPPHAL SNSSVDL GSPSL ASHPRGL L QNRGLNNDSPERRRRPG

HGSLTNI SRHDSLKKI DSPPI R QYTG-NDHKPLDPETI AQDI EETMNTALNE

L RELERQSTAKHAPDVVLDTLEQVKNSPTPATSTESL SPLHNVALRSSEPQ R

SH3
SDTMSTFKPMAPRMGVQL KPPAL RPKPAVLPKTNPTI GPAPPPCGPTDKSCTM 1085

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.

S 1 2

-

o GAP1 C-term GST-fusi

- s ___SIGAI -term -fusion
55- == protein

—
25-1 ..

GST-protein
—
-

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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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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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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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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Ab488

Buffer

Carom FBAR

B
- s
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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Ae488 DiD merge

Buffer

Carom FBAR

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).
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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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