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Protein-lipid interactions play important roles in cell signaling, lipid metabolism, membrane
trafficking and various other cellular processes. Bin-Amphiphysin-Rvs (BAR) domains are
highly conserved and forms membrane curvatures. Extended Fes-CIP4 homology
(EFC)/FCH-BAR (F-BAR) domain is one of the subfamilies in the BAR domain superfamily.
The BAR domain proteins bind to membrane as homodimers, which then assemble into the
ordered oligomer on the membrane. However, the ordered assembly of most BAR domains
are unclear. Growth-Arrest-Specific-Protein-7 (GAS7) consists of the SH3 domain, the WW
domain, and the F-BAR domain, dependent on the splicing isoforms. GAS7c has the SH3,
WW, and F-BAR domains, GAS7b has WW and F-BAR domains, and GAS7a has F-BAR
domain only. GAS7 is shown to be involved in neurite outgrowth, neuronal differentiation,
phagocytosis, presumably through the membrane deformation through its F-BAR domain and
the regulation of the actin cytoskeleton through its WW and SH3 domains.

In this study, I examined the ordered oligomer formation of GAS7 for its membrane
binding. The membrane binding of GAS7 protein was examined by the liposome co-
sedimentation assay. The co-sedimentation assay revealed all three isoforms have the ability
to bind to liposomes made of bovine Folch fraction, a total fraction of the bovine brain lipids.
The Folch fraction is rich in phosphatidylserine, a negatively charged phospholipids, and thus,
the liposomes are negatively charged. Therefore, the GAS7 and the liposomes are thought to
bind through the electrostatic interactions.

The binding and localization of GAS7 on liposomes of giant unilamellar vesicles (GUV)
was observed by fluorescent microscope. Further, using cryo-electron microscope, I observed
the striations on the GUV membrane in the presence of GAS7b, as compared to protein-free
liposomes, indicating the ordered oligomer on the membrane.

The asymmetric unit of the GAS7 F-BAR domain crystals contained two F-BAR dimers,
forming a shallow concave curvature. These dimers interact with symmetry-related dimers,
forming two flat filamentous oligomers (FFO) in the crystals. The geometry of the striations
on the surface of GUV had similar width and pitch with the FFO in the crystal, suggesting
that FFO is the form of GAS7 for the membrane binding.

Two loops were involved in the FFO formations in the crystal. These loops are filament
forming loop 1 (FFL1; aa 171-197) and filament forming loop 2 (FFL2; aa 206-219). In order
to determine the roles of FFLs GAS7, I made the mutants with deletions of the FFLs. In HeLa
cells, the membrane binding of GAS7 as FFO was indicated by the GAS7b localization, where
GAS7 excluded the plasma membrane marker, suggesting that GAS7 assembles into patches

of highly concentrated GAS7b on the plasma membrane. I expressed all these mutants in




HeLa cells and the mutants of FFL1 and FFL2 showed significantly reduced patches
formation. This suggest that these two loops are involved in the patch formation in the HeLa
cells. The in vitro membrane bindings of these deletion mutants were significantly decreased
in the co-sedimentation assay. Therefore, the oligomer formation presumably through FFLs
is involved in the membrane binding both in vitro and in vivo.

I mutated R326 residue, which have contacts with both N177 of FFL1 and D207 of FFL2,
contributing the stability of the FFLs. When I substituted R326 to alanine, the patches in HeLLa
cells were significantly decreased. The oligomer formation in vitro was examined by the
chemical cross-linkers, and the oligomer formation of R326A mutant was not efficient as
GAS7b. However, the membrane binding was decreased but retained in the co-sedimentation
assay. Therefore, GAS7 was thought to bind to the membrane independently of oligomer
formation, and the oligomeric GAS7b had higher affinity to the membrane.

I also made another two mutants with the substitutions of the amino-acid residues on the
surface of the FFO, that are Q212R and K370E/R374E, where the membrane is supposed to
interact with. Q212 is located at the tip of one of the FFL2 that does not interact with the
adjacent dimers in the FFO and is exposed to the surface of FFO. The Q212R mutant showed
patches which is similar as the WT in HeLa cells. This mutant increased the membrane
binding. Therefore, the surface of FFL2 without interaction with the adjacent GAS7 F-BAR
dimer is suggested to be involved in the membrane binding. K370E/R374E mutant, which is
located at the FFO surface, showed the reduction of the patch formation in HeLa cells. The
K370E/R374E mutant with substitutions of positively charged amino-acid residues to
negatively charged ones, decreased the binding between GAS7 proteins and liposomes,
supporting the idea of the electrostatic interactions between the GAS7 and the membrane.
These Q212 and K370/R374 mutations indicated that the surface formed by these amino-acid
residues is the membrane binding surface.

Based on these data, I proposed that the oligomer assembly of GAS7 plays a role in the
membrane binding. The interaction between dimers through FFL1 and FFL2 will assemble
the F-BAR domains to form oligomers on the membrane surface, where the Q212, K370, and
R374 residues locate on the membrane. When the assembly of these oligomers is hindered by
the deletions, the formation of the protein oligomers on the membrane surface was also be
inhibited, resulting in the reduced membrane binding activity, which was proven by co-
sedimentation assay. The mutation of R326 might affect the location of the two FFLs, and
thereby change the stability of the oligomer formation through the loops. This affects the
oligomer formation in the cells and on the membrane, because the R326 mutant retained the
membrane binding in vivo without the patch assembly in the HeLa cells, and cross-linking in
Vitro.

The F-BAR domain of PACSIN2 has the hydrophobic loops, which are inserted into the
membrane, contributing to the membrane binding. The FFLs of GAS7 are hydrophilic and
are not inserted into the membrane to form membrane curvature. The FFLs contribute to the
formation of oligomers that can further assemble into sheets along the membrane surface.
These findings have given an insight on how GAS7 assembly works on the membrane.




1.0 Introduction

1.1 BAR domains
Living cells are surrounded by membrane. The formation of membrane curvature during large
numbers of cellular processes is important as it leads to the formation of the complexed
intracellular architectures, which are necessary for most of cellular organelles to function.
Among them are endocytosis, phagocytosis, exocytosis, and migration. In these processes, the
generation of membrane curvature is supposed to be coupled with the spatial distribution of
proteins and lipids (Zimmerberg and Kozlov, 2006; Meer ef al., 2008; Suetsugu ef al., 2014;
Simunovic et al., 2015; Nishimura et al., 2018). This membrane curvature formation is known
to be sensed and/or generated by a group of proteins, knows as the BAR (Bin-Amphysin
Rvs167) domain superfamily (Itoh and Camilli, 2006; Frolov and Zimmerberg, 2008; Frost ef
al., 2009; Nishimura et al., 2018). The BAR domains consist of dimeric a-helical coiled-coils
that bind to acidic membrane phospholipids and induce or stabilize membrane curvatures to
achieve specific shapes that correspond to their membrane-binding surfaces (Peter et al/, 2004).
Each BAR protein contains BAR domain that usually varies in length, intrinsic curvature, and
also the binding affinity towards the membrane. The dimeric BAR domains further homo-
oligomerize, forming the spiral-like wrapping of the membrane. The homo-oligomer, as well
as dimer structure of each BAR domain is thought to function as scaffold for membrane
curvature sensing or generation. All BAR domains are thought to be able to form this membrane
scaffold. BAR domain composed of an alpha-helix bundle is harder than membrane, and thus
can bend membrane, which is formed by the hydrophobic interactions between lipid molecules.
There are three subfamilies under the BAR domain superfamily, which are known as
the classical BAR domains including N-BAR domains (N-terminal amphipathic helix BAR),
the I-BAR (Inverse BAR) domains, and the F-BARs (Fes/CIP4 Homology-BAR) domains
(Habermann, 2004; Peter ef al., 2004; Itoh and Camilli, 2006; Frost ef al., 2007; Suetsugu et
al., 2010; Safari and Suetsugu, 2012; Liu et al., 2015). All BAR domains consist of a-helix
bundle. All of these domains are structurally similar homodimeric modules of antiparallel
arrangement of monomers, exhibiting similar banana- or zeppelin-like structure, but with
different overall curvature (Figure 1). This leads to different preferences to membrane curvature
(Habermann, 2004; Peter et al., 2004; Itoh and Camilli, 2006; Henne et al., 2007; Daumke et
al., 2014; Simunovic et al., 2015; Suetsugu et al., 2010).
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Figure 1: Human BAR domain superfamily proteins.

1.1.1 Classical BAR domains/N-BAR domains
Most of the classical BAR domain-containing proteins (BAR proteins) have an amphipathic
helix that usually reside in the N-terminus (Peter ef al, 2004). The amphipathic helices prefer
steep curvature, because this geometry promotes a high concentration of lipid-packing defects,
sensed by amphipathic motifs. Some BAR domain possesses the amphipathic helices at their
N-terminus, and thus called as N-BAR domain (Gallop et al., 2006; Campelo et al., 2009).
BAR proteins are able to generate tubules that exhibit positive curvature, i.e., the concave
surface of the BAR domains binds to the membrane. Their tubules size ranges from
approximately 20 nm to 60 nm wide (Peter et al., 2004).

Among the proteins that are categorized under the N-BAR domain are amphiphysin,

Bin and endophilin (Cui et al., 2009; Arkhipov et al., 2009; Safari and Suetsugu, 2012) (Figure



2). N-BAR protein endophilin plays role in endocytosis, a process by which cells internalize
extracellular materials. When bound to membrane tubules, the amphipathic helices of
endophilin penetrates deeper into the bilayer. The N-terminal amphipathic helix of the
endophilin BAR domain increased the affinity for membrane lipids, while the crescent-shaped
dimeric BAR domain itself was vital for membrane tubulation (Gallop et al., 2006, Yin et al.,
2009; Chen et al., 2016).

The difference of the N-BAR domain concentration was able to formed three types of
curved membrane structures when were introduced in liposomes. It had been suggested that
helices are responsible for curvature sensing at low protein concentration, whereas the BAR
domain plays role in controlling membrane curvature at high concentration (Isas et al., 2015).
At low concentration, small buds were formed; elongated tubules were formed at intermediate
concentration while vesicles were formed at high concentrations (Ayton ef al., 2007; Ayton et
al., 2009; Suetsugu and Gautreau, 2012; Salzer ef al., 2017). But this action of the N-BAR
domain would be applicable to all of the BAR domains.

A-mphlphysml,z N-BAR SH3
Binl
Bin2 N-BAR

Endophilinl-3,

Rvs167p N-BAR —— SH3

Figure 2: Domain schematic of N-BAR domain proteins.

1.1.2 I-BAR domains

The I-BAR domain consists of three a-helices and form dimers. It is less curvy as compared to
classical BAR. Clusters of positively charged amino acids that resides at their convex surface,
rather than the concave side as in other BAR and F-BAR domains. Therefore, the I-BAR
domain is involved in the membrane curvature that is in the opposite direction as compared to
those by the other BAR proteins. This curvature is known as negative membrane curvature. The
I-BAR domains bind to phosphoinositides-rich membrane, mainly through electrostatic
interactions (Suetsugu et al., 2006a; Mattila ef al., 2007). There are five known [-BAR domain-
containing proteins in vertebrates (Scita et al., 2008); IRSp53 (insulin receptor phosphotyrosine
53 kDa substrate), IRTKS (insulin receptor tyrosine kinase substrate), Pinkbar, MIM (Missing-
in-Metastasis), and ABBA (Another B-box Affiliate) (Figure 3). All these proteins contain an
N-terminal I-BAR domain, and C-terminal WH2-like domain, with different isoforms. I-BARs



such as ABBA and MIM contain amphipathic helices, but not in IRSp53, IRTKS, and Pinkbar.
These amphipathic helices are inserted into the membrane during membrane curvature. [-BAR
was reported to be involved in the formation of filopodium (Lim et al., 2008) and lamellipodium
formation such as neurite extension (Govind et al., 2001), dendritic spine morphogenesis
(Abbott et al., 1999; Soltau et al., 2002; Soltau et al., 2004; Choi et al., 2005) and tumor
invasiveness (Suetsugu et al., 2006b; Liu et al., 2010; Robens et al., 2010).
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Figure 3: Domain schematic of [-BAR domain proteins.

1.1.3 F-BAR domains

The F-BAR domains are characterized by having long and shallow BAR domains. They also
form positive curvature, but with wider tubules, ranging from approximately 60 nm to 100 nm
(Shimada et al., 2007, Itoh and Camilli, 2006; Frost et al., 2008; Qualmann et al., 2011). There
are more than 10 proteins that are categorized as F-BAR domain. Among them are FCHO,
Syndapin/PACSIN, NOSTRIN, GAS7, CIP4, FBP17 and PSTPIP (Ahmed et a/., 2010; Safari
and Suetsugu, 2012) (Figure 4).
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Figure 4: Domain schematic of F-BAR domain proteins.

The F-BAR proteins are mostly found in eukaryotes, except in plants (Heath and Insall, 2008).
Most of the know F-BAR proteins were involved in clathrin-mediated or caveolin-dependent
endocytosis (Henne et al., 2010). However, the involvements in the formation of filopodia;
formation of axon; and lamellipodia; inhibition of axon formation are reported for some of the
F-BAR proteins. CIP4 is the first F-BAR domain with structural determination (Shimada et al.,
2007). It consists of five a-helices; the short N-terminal helix, three long and one short C-
terminal helices (Figure 5a). Helices a2, a3 and a4 form an intimately packed, six-helix bundle
with a neighboring symmetry-related molecule, which results in a gently curved dimer (Figure
5b) (Shimada et al., 2007). The shapes of the CIP4 F-BAR domain are quite complementary,
binds tightly to the curved membrane by accumulating at the foot of the nascent tubular

membrane to form membrane tubulation (Figure 5c) (Shimada et al., 2007).
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Figure 5: Ribbon diagrams of the crystal structure of CIP4 F-BAR domain, consisting of five  -helices; the short
N-terminal helix, three long and one short C-terminal helices. (a) Monomeric form is shown, but it functions as
dimer. Broken lines indicate regions that could not be modeled. (b) The dimer form of CIP4, forming a shallow
concave curvature. (¢) Schematic illustration showing how the CIP4 F-BAR domain tubulates the lipid membrane

from a liposome. Each dimer is colored differently.

PACSIN, which is also known as syndapin, consists of three isoforms named PACSIN1,
PACSIN2 and PACSIN3. All PACSIN consists of N-terminal F-BAR domain and a C-terminal
SH3 domain. PACSINI and PACSIN2 have hydrophobic wedge loop, which is known to
facilitate the membrane curvature (Qualmann and Kelly, 2000; Shimada et al., 2010) (Figure
6). Another F-BAR protein, PSTPIP, consists of two members, which are PSTPIP1 and
PSTPIP2. PSTPIP1 has an N-terminal F-BAR domain, PEST motifs (peptide sequence rich in

proline, glutamic acid, serine and threonine) and a C-terminal SH3 domain. However, PSTPIP2
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does not contain PEST motifs and SH3 domain (Spencer et al., 1997; Wu et al., 1998a; Wu et
al., 1998b; Li et al., 1998).

Figure 6: Ribbon diagrams of the PACSIN2 F-BAR domain crystal structure of PACSIN2 F-BAR domain,

consisting of a short wedge loop (insert).

1.2 GAS7 proteins

Growth-Arrest-Specific 7 proteins (GAS7) are one of the F-BAR proteins. GAS7 is mostly
found in early embryonic cells, testis and neurons of mouse brain; which includes cerebral
cortex, hippocampus, and cerebellum (She ef al., 2002; Chang et al., 2005; You et al., 2010;
Hidaka et al., 2012; Tseng et al., 2015). Tseng et al. (2015) reported that lower expression of
GAS7c promotes metastasis in lung cancer. GAS7 is necessary for neuronal differentiation.
GAS?7 also interacts directly with actin to promote its assembly and F-actin into bundles to form
oligomers through its F-BAR domain (Gotoh ef al., 2013).

It is important to know how GAS7 F-BAR domain organization and assembly works in
generating membrane curvature. There are three GAS7 isoforms; GAS7a, GAS7b and GAS7c
in Homo sapiens. In GAS7c, there are the Src-homology 3 domain (SH3), the WW domain,
and the F-BAR domain, from N-terminus to C-terminus. The SH3 domain is only present in

GAS7c, while GAS7a only consists of the F-BAR domain (Figure 7).
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Figure 7: Domain schematic of GAS7 isoforms.

The SH3 domain is able to bind to the proline-rich ligands, regulating their subcellular
localization and their enzymatic activities. In Syndapin/PACSIN, the SH3 domains bind to
dynamin and N-WASP, and were shown to bind to the membrane interaction site of the BAR
domain, thus auto-inhibiting the scaffold assembly and/or membrane remodeling (Rao et al.,
2010). The similar auto-inhibition has been suggested for endophilin (Chen et al., 2014) and
amphiphysin; but the mechanistic details in amphiphysin was not clear.

The lengths of WW domains are approximately 40 amino acids, making it the smallest
naturally occurring protein modules. The WW domain is characterized by two tryptophan (W)
residues, that are spaced 20-22 amino-acids residues apart (Macias et al., 2002). The WW
domains can be found in cytoplasm and in cell nucleus. The WW domain also recognizes
proline-containing ligands by a three-stranded, antiparallel 3-sheet, with two ligand-binding
grooves (Chong et al., 2006). The proteins containing the WW domain are involved in variety
of cellular process such as protein trafficking, RNA processing, receptor signaling and
transcription (Ingham et al., 2005). The WW domain in GAS7 was reported to be associated
with Neural-Wiskott Aldrich syndrome protein (N-WASP) and heterogeneous nuclear
ribonucleoprotein U (hnRNP U). The interaction with N-WASP is thought to actin nucleation
(Tseng et al., 2015).

1.2.1 GAS7 protein structure

The crystal structure of the GAS7 BAR domain was determined by from Medical Institute of
Bioregulation, Kyushu University. The asymmetric unit of the GAS7 F-BAR domain crystals
contained two F-BAR dimers (Hanawa-Suetsugu ef al., unpublished results, PDB code 5YM1),
forming a shallow concave curvature (Figure 8). These dimers interact with symmetry-related
dimers, forming two flat filamentous oligomers (FFO) in the crystals (Figure 8c). The F-BAR

dimers are 22 nm in length, and FFOs have a width of ~14 nm. The spacing between adjacent
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F-BAR dimers in FFOs was ~5 nm (Figure 8c). GAS7 consists of two loops. These two loops
were involved in the FFO formations in the crystal. These loops are filament forming loop 1
(FFL1; aa 171-197) (Figure 8a, blue) and filament forming loop 2 (FFL2; aa 206-219) (Figure
8a, magenta) from the crystal packing.

Figure 8: (a) Ribbon diagrams of the crystal structure of GAS7 F-BAR domain, consisting of two dimers, forming
a shallow concave curvature. FFL1 was indicated by blue, while FFL2 was indicated by magenta. (b) Electrostatic
potential surfaces of the GAS7 F-BAR dimers. Blue and red indicate positive and negative charges, respectively.
(c) The asymmetric unit of the crystal contains two F-BAR dimers, both of which form an FFO. The F-BAR
dimers are 22 nm in length, and FFOs have a width (diagonal measurement from point A to point B) of ~14 nm.

The spacing between adjacent F-BAR dimers in FFOs was ~5 nm.
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1.3 BAR proteins binding mechanism

In order to sense/generate curvature on the membrane, the BAR domain dimers will assemble
on the membrane into higher-order oligomers. The size of membrane tubules and cellular
organelles are generally larger than protein size. Therefore, higher-order assembly is required
to shape membranes, so that the BAR domain protein filaments are able to form decorations on
the membrane surface and ‘wrap up’ (as shown in Figure 5¢) part of the subcellular organelles
(Shimada et al., 2007; Suetsugu, 2016). When the BAR domains are recruited to membrane,
BAR domain dimers are thought to self-assemble through the low-affinity interactions between
the BAR domains (Frost ef al, 2008). Besides that, BAR domains bind to the membrane
through electrostatic interactions, where the membrane binding is mostly based on the
interaction between positively charged amino acids of the proteins and negatively charged
lipids, such as phosphatidylserines and phosphoinositides.

There are two studies that examined the detailed interactions between BAR or F-BAR
domains on the membrane (Shimada et al., 2007; Frost et al., 2008). CIP4 F-BAR domain uses
lateral contacts and tip-tip interaction of their F-BAR domains to form helical oligomers at
tubular membrane surface (Shimada et al., 2007; Frost et al., 2008). On the other hand, the N-
BAR protein, endophilin, bends the membrane by inserting an N-terminal amphipathic helix
and internal amphiphatic helix into the phospholipids bilayer, and wrap the membrane through
the alignments of the BAR domains with amphipathic helices between the BAR domains (Mim
et al., 2012) (Figure 9). The N-BAR domain of endophilin is made of three membrane binding
cites; an N-terminal amphipathic helix, a BAR monomer and an internal amphipathic helix and
additional loop sequences. Insertion of both amphipathic helix; i.e. the N-terminal and internal
helices; promotes curvature. At the same time, dimerization of the BAR stabilizes the protein
on the membrane. Once the curvature was initiated, the energetic barriers for further N-BAR
domain recruitment will be lower, thus resulting in a scaffolding of the curvature (Gallop et al.,

2006).

membrane

Figure 9: Illustration on how Endophilin N-BAR binds to the membrane.
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Among the F-BAR domains, PACSIN1/2 has the loops that are inserted into the
membrane (Wang et al., 2009; Shimada et al., 2010; Senju et al., 2011). Although the detailed
assembly had not been determined, PACSIN1 and PACSIN2 F-BAR domains were very similar,
and resembles the structure of other F-BAR domains such as CIP4, FBP17 and FCHo2 (Wang
et al., 2009). PACSIN F-BAR domain has a unique, 8-residues-long insertion in helix 2 of
PACSIN that forms a flexible loop in the crystal structure, which was proposed to have an equal
function to an amphipathic helix and work as a wedge for membrane bending. This loop is
known as the wedge loop, and are inserted into the membrane to help in membrane curvature

formation (Figure 10).

é A w ‘\ /
£ > Wedge loop membrane ¢

Figure 10: Illustration shows on how the wedge loops in PACSIN2 are inserted into the membrane, which helps

membrane curvature.

Since the GAS7 F-BAR domain crystal structure was just revealed, the studies of this
structure have not yet been investigated. Hence, the function of the two loops in the GAS7 F-
BAR domain crystal structure in the mechanism of membrane binding is still unknown. Thus,
my main objective for this study is to determine the mechanism of the assembly of the GAS7
dimers on membrane surfaces. I will specifically examine the importance of the characteristic
loops of GAS7 for the membrane binding and the assembly of GAS7 on the membrane, because

the loops are mostly involved in the membrane insertion in the other BAR and F-BAR domains.
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2.0 Materials and Methods

2.1 Gene cloning

The EGFP-C1-GAS7¢, EGFP-GAS7b and EGFP-GAS7 F-BAR (Figure 11) were subcloned
into pPGEX6P-1 vector by Gibson assembly, using the EcoRI as the restriction site. The mixture
of the template, the insert and the Gibson Assembly® Master Mix (New England Biolabs®),
were incubated at 50°C for 1 hour (h), followed by transformation into JIM109 competent cell.
In order to screen for plasmids containing the desired insert directly from the bacterial colonies,
I performed colony polymerase chain reaction (PCR) using Emerald Amp® PCR Master Mix
(Takara Bio). The PCR was carried out according to the manufacturer’s protocol. The
denaturing step was carried out at 98°C for 10 seconds (s), followed by annealing step at 55°C
for 30 s and extending step at 72°C for 3.5 minutes (min). The cycle was repeated 25 times.
Once the plasmids with the desired insert were confirmed, I amplified the targeted plasmids by
carrying out PCR using the Prime STAR® MAX DNA Polymerase (Takara Bio). The templates
and the primers were listed in Table 1. The PCR was carried out according to the manufacturer’s
protocol. The denaturing step was carried out at 98°C for 10 s, followed by annealing step at
53°C for 15 s and extending step at 72°C for 2 min. The cycle was repeated 35 times. The
plasmids were then transformed using competent cell, IM109. After overnight pre-culture, the
bacterial culture was purified by using Wizard® Plus SV Minipreps DNA Purification System
(Promega), and the plasmids were sequenced to confirm the DNA sequence of desired construct.
EGFP-CIP4 F-BAR was constructed and used as the positive control in the initial part of this

project.

14 61 72 110 171 476

GAS7c "SH3 —WW — F-BAR| 476a
&5 476

GAS7b -WW — F-BAR 412aa
166 476

GAS7 F-BAR — F-BAR 311aa

1 254 300
CiP4 F-BAR F-BAR — 300 aa

Figure 11: The GAS7 isoforms and CIP4 F-BAR used in this experiment.
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2.2 Protein expression

The E. coli strain Rosetta-gami B was transformed with the expression plasmid for EGFP-
GAS7c, EGFP-GAS7b and EGFP-GAS7 F-BAR. The cells were cultured in 500 ml of LB
medium containing 0.034 mg/ml of chloramphenicol and 0.1 mg/ml of ampicillin at 37°C.
When the absorbance at 600 nm (ODsgoo) reached between 0.6 and 0.7, the protein expression
was induced with 0.02 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG), and the cells were
cultured overnight for 18-20 h, at 20°C. The bacterial pellet was then collected, stored at -80°C,

and proceeded with purification.

2.3 Protein purification

The bacterial pellets from 100 ml culture were re-suspended in 1 ml of buffer containing 20
mM Tris-HCl (pH 7.5), 0.80 M NaCl, 10% glycerol, 1 mM DTT, and 1 mM
phenylmethanesulfonyl fluoride or PMSF, and were disrupted with an ultrasonic homogenizer.
The sonication was done for a total of 3 min, with 3 s of working period, and 3 s of resting
period, at a tune of 6. After removing undisrupted cells from the crude extracts by centrifugation
(15,000 rpm, 10 min, 4°C), the supernatant was transferred to 0.1 ml of Glutathione Sepharose
4B (GE Healthcare). Prior to the mixing of Glutathione Sepharose 4B beads with the
supernatant, Glutathione Sepharose 4B was prepared by washing with the binding buffer (10
mM Tris-HCI pH 7.5, 150 mM NaCl, and 1 mM EDTA). The beads of Glutathione Sepharose
4B were centrifuged at 500 x g for 5 min at 4°C. This step was repeated a total of five times,
with the volume of binding buffer 100 times the volume of Glutathione Sepharose 4B. Then,
about 0.7 ml of the supernatant was added to 0.1 ml of prepared Glutathione Sepharose 4B, and
were incubated for 1 h, at 4°C by using end-over-end rotation. After the rotation, the supernatant
was carefully removed and the Glutathione Sepharose 4B, and the supernatant was collected
for analysis of the protein binding to the beads. The beads were washed with 1 ml of the same
binding buffer, mixed and centrifuged at 500 x g for 5 min at 4°C. This step was repeated five
times, with the volume of binding buffer 10 times the volume of Glutathione Sepharose 4B
beads. The bound protein was cleaved by adding 1.5 ul of GST Precision Protease (GE
Healthcare) (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 20% glycerol and 1 mM
DTT) in 0.25 ml of binding buffer, and was incubated 16-18 h, at 4°C by using end-over-end
rotation. After the incubation, this mixture was centrifuge at 500 x g for 5 min at 4°C. The
supernatant (the eluted protein) was carefully removed and the protein concentration was

measured by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
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The same procedures were also used for untagged-GAS7 isoforms; GAS7¢c, GAS7b and
GAS7 F-BAR proteins, and for the mutants.

2.4 Preparation of GAS7 mutants

Mutations were introduced by site-directed mutagenesis. Several amino acids residues on the
loop and at the tip of the adjacent dimers were mutated to alanine, glutamic acid, arginine,
proline or serine by using QuickChange ™ protocol as follows. The denaturing step was carried
out at 98°C for 10 s, followed by annealing step at 53°C for 15 s and extending step at 72°C for
2 min. The cycle was repeated 35 times. 0.5 pul of Dpnl was added after the amplification and
the plasmids were incubated at 37°C for 1 h, and was proceeded with transformation. The
mutagenic oligonucleotide primers used in this method were designed individually according
to the desired mutations. Both mutagenic primers contain the mutation and anneal to the same
sequence on opposite strands of the plasmid. The primers were between 25 and 45 bases in
length, with a melting temperature of > 78°C, as shown in Table 1. The desired mutation was
in the middle of the primer, with ~10-15 bases of correct sequence on both sides. The selections
of the mutants were based on the interactions between dimers from the structural analysis. There
were 35 mutants that were introduced to GFP-GAS7b and EGFP-GAS7 F-BAR. Primers that
were designed for the mutations were purchased from Hokkaido System Science Co., Ltd
(Table 1). All the plasmid constructed were listed in Table 2. All these mutations were located

at a conserved region of F-BAR domain (Figure 12).

Table 1: Primers used for QuickChange™ modification. Red letters indicate the point of mutations.

Forward
Primer Name Mutation Sequence (5°-3’)
/reverse
GAS7MsdelK20 ACTACTTTTGGGCGGACAAGGTGGCTG
Forward A209-216
9-T216 GCTTTGAACTGCT
GAS7MsdelK20 AGCAGTTCAAAGCCAGCCACCTTGTCC
Reverse A209-216
9-T216 GCCCAAAAGTAGT
ACTTTTGGGCGGACAAGGAAGACCCA
GAS7TMsK209E  Forward K209E
CAAGGCAATGGCAC
GTGCCATTGCCTTGTGGGTCTTCCTTGT
GAS7MsK209E  Reverse K209E
CCGCCCAAAAGT
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CGGACAAGAAGGACCCACGGGGCAAT

GAS7MsQ212R  Forward Q212R
GGCACGGTGGCTGG
CCAGCCACCGTGCCATTGCCCCAOTAGAGG
GASTMsQ212R  Reverse Q212R
TCCTTCTTGTCCG
GASTMs dell71 CAGGCAGGAAACAGAGCAAGTGGAGC
- Forward A171-197
_197s TACTGTGACTACTT
GAS7TMs dell71 AAGTAGTCACAGTAGCTCCACTTGCTC
- Reverse A171-197
_197as TGTTTCCTGCCTG
GFP_GASTMs_ . q GFP Al171- GATCCAGGAAACAGAGCAAGTGGAGC
orwar
dell71_197s 197s TACTGTGACTACTT
GFP_GASTMs_ R GFP Al171- AAGTAGTCACAGTAGCTCCACTTGCTC
everse
dell71_197as 197s TGTTTCCTGGATC
GAS7Ms_E221A CACGGTGGCTGGCTTTGCACTGCTGCT
Forward E221A
S GCAGAAGC
GASTMs_E221A GCTTCTGCAGCAGCAGTGCAAAGCCAG
Reverse E221A
as CCACCQGTG
GAS7Ms_R242E GAGATGTCCGAGTTCATCGAGGAAAG
Forward R242E
S GATAAAGATTGAAG
GAS7Ms_R242E CTTCAATCTTTATCCTTTCCTCGATGAA
Reverse R242E
as CTCGGACATCTC
GAS7Ms_D319A GACATGAAAAAGTGCGCCCACCACAT
Forward D319A
S CGCTGAC
GAS7Ms_D319A GTCAGCGATGTGGTGGGCGCACTTTTT
Reverse D319A
as CATGTC
GAS7Ms_R326A CACCACATCGCTGACCTCGCTAAGCAG
Forward R326A
S CTGGCGAGCCGCT
GAS7Ms_R326A AGCGGCTCGCCAGCTGCTTAGCGAGGT
Reverse R326A
as CAGCGATGTGGTG
R326Ds Forward R326D CACCACATCGCTGACCTCGATAAGCAG
CTGGCGAGCCGC
R326Das Reverse R326D GCGGCTCGCCAGCTGCTTATCGAGGTC
AGCGATGTGGTG
K327 As Forward K327A CACATCGCTGACCTCCGTGCGCAGCTG

GCGAGCCGCTATG
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CATAGCGGCTCGCCAGCTGCGCACGGA

K327Aas Reverse K327A
GGTCAGCGATGTG
K327Ds Forward K327D CACATCGCTGACCTCCGTGAGCAGCTG
GCGAGCCGCTATG
K327Das Reverse K327D CATAGCGGCTCGCCAGCTGCTCACGGA
GGTCAGCGATGTG
GAS7Ms E351A GAGCGGCAGAAAGACCTGGCGATGAA
- Forward E351A
S GACCCAGCAGCTGG
GAS7Ms E351A CCAGCTGCTGGGTCTTCATCGCCAGGT
- Reverse E351A
as CTTTCTGCCGCTC
GAS7Ms_H431A . q H431A/M43 CACACAGCTGCGGGCCGAGACGGACG
orwar
_M435As 5A CGTTCAACCAAAGCA
GAS7Ms_H431A R H431A/M43 TGCTTTGGTTGAACGCGTCCGTCTCGG
everse
_M435Aas S5A CCCGCAGCTGTGTG
GAS7Ms_Q438A GAGACGGACATGTTCAACGCAAGCAC
Forward Q438A
S AGTCGAGCCTGTGG
GAS7Ms_Q438A CCACAGGCTCGACTGTGCTTGCGTTGA
Reverse Q438A
as ACATGTCCGTCTC
GAS7Ms_R449A CCTGTGGACCAACTGCTGGCAAAAGTG
Forward R449A
S GACCCAGCCAAAG
GASTMs_R449A CTTTGGCTGGGTCCACTTTTGCCAGCA
Reverse R449A
as GTTGGTCCACAGG
Gas7Ms_W397S CAACCAGGCCCAGTCCAAGTCGTTTGA
Forward W397S
S AGAGATGGTGACGACC
Gas7TMs_W397S GGTCGTCACCATCTCTTCAAACGACTT
Reverse W397S
as GGACTGGGCCTGGTTG
Gas7TMs_W460S GCCAAAGACAGAGAGCTATCGGTCAG
Forward W4608S
S AGAGCACAAAACAG
Gas7TMs_W460S CTGTTTTGTGCTCTCTGACCGATAGCTC
Reverse W460S
as TCTGTCTTTGGC
GAS7N177Ps Forward N177P GAAAACACCATCACCATCCCCTGTGTG
ACATTCCCTCACCC
GAS7N177Pas Reverse N177P GGGTGAGGGAATGTCACACAGGGGAT

GGTGATGGTGTTTTC
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GTGACTACTTTTGGGCGCGCAAGAAGG

D207Rs Forward D207R
ACCCACAAGGC

D207Ras Reverse D207R GCCTTGTGGGTCCTTCTTGCGCGCCCA
AAAGTAGTCAC

M3SIR Q3S6R_ - M3RQI GeGGAAGACCCAGCGGCTGGAGATCG

K360Es 6R/K360E AGTTGAGCAACAAGACCGAGGAGG

M3SIR Q3S6R_ o M3RQI - ercgaterccacecGeTGaaTeTTCCG

K360Eas 6R/K360E CTCCAGGTCTTTCTGCCGCTCTG

K370E/R37 GGACATCGAGAAGGCACGGGAGAAGT
K370E_R374Es  Forward AR CCACTCAGGCCGGAGATG
K370E/R37 GCCTGAGTGGACTTCTCCCGTGCCTTC

K370E_R374Eas Reverse AR TCGATGTCCTCCTCGGTC

K396Es Forward K396E CAACCAGGCCCAGTCCGAGTGGTTTGA
AGAGATG

K396Eas Reverse K396E CATCTCTTCAAACCACTCGGACTGGGC
CTGGTTG

1359C-Forward Forward 1359C GAAGACCCAGCAGCTGGAGTGCAAGT
TGAGCAACAAGAC

1359C-Reverse Reverse 1359C GTCTTGTTGCTCAACTTGCACTCCAGCT
GCTGGGTCTTC

F398C-Forward Forward F398C GGCCCAGTCCAAGTGGTGTGAAGAGA
TGGTGACGACC

F398C-Reverse Reverse F398C GGTCGTCACCATCTCTTCACACCACTT
GGACTGGGC

H431C-Forward Forward H431C CAGTACACACAGCTGCGGTGCGAGAC
GGACATGTTC

H431C-Reverse  Reverse H431C GAACATGTCCGTCTCGCACCGCAGCTG
TGTGTACTG

G213C-Forward Forward G213C CAAGAAGGACCCACAATGCAATGGCA
CGGTGG

G213C-Reverse Reverse G213C CCACCGTGCCATTGCATTGTGGGETCCT
TCTTG

D207C-Forward Forward D207C CTGTGACTACTTTTGGGCGTGCAAGAA
GGACCCACAAG

D207C-Reverse Reverse D207C CTTGTGGGTCCTTCTTGCACGCCCAAA
AGTAGTCACAG

R326C-Forward Forward R326C CACCACATCGCTGACCTCTGCAAGCAG

CTGGCGAGCCGC
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GCGGCTCGCCAGCTGCTTGCAGAGGTC

R326C-Reverse  Reverse R326C
AGCGATGTGGTG

W397C-Forward Forward W397C GGCCCAGTCCAAGTGCTTTGAAGAGAT
GGTG

W397C-Reverse Reverse W397C CACCATCTCTTCAAAGCACTTGGACTG

GGCC

Table 2: List of constructed plasmids.

No | Plasmid Purpose
1 pGEX6P1 EGFP GAS7c For in vitro assay
5 LGEX6P1 GEP GASTb For in vitro assay and
fluorescence microscopy
3 pGEX6P1 EGFP GAS7 F-BAR For in vitro assay
4 pGEX6P1 GFP CIP4 F-BAR As positive control
5 pGEX6P1 EGFP Cl1 For in vivo assay
6 pEGFP GAS7b AE171-E197 (AFFL1) For in vivo assay
7 pEGFP GAS7b N177P For in vivo assay
8 pEGFP GAS7b D207R For in vivo assay
9 pEGFP GAS7b K209E For in vivo assay
10 | pEGFP GAS7b AK209-T216 (AFFL2) For in vivo assay
11 | pEGFP GAS7b Q212R For in vivo assay
12 | pEGFP GAS7b E221A For in vivo assay
13 | pEGFP GAS7b R242E For in vivo assay
14 | pEGFP GAS7b D319A For in vivo assay
15 | pEGFP GAS7b R326A For in vivo assay
16 | pEGFP GAS7b R326D For in vivo assay
17 | pPEGFP GAS7b K327A For in vivo assay
18 | pPEGFP GAS7b K327D For in vivo assay
19 | pEGFP GAS7b E351A For in vivo assay
20 | pEGFP GAS7b M352R/Q356R/K360E For in vivo assay
21 | pEGFP GAS7b K370E/R374E For in vivo assay
22 | pEGFP GAS7b K396E For in vivo assay
23 | pEGFP GAS7b W397S For in vivo assay
24 | pEGFP GAS7b H431A/M435A For in vivo assay
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25 | pEGFP GAS7b Q438A For in vivo assay

26 | pEGFP GAS7b R449A For in vivo assay

27 | pEGFP GAS7b W460S For in vivo assay

28 | pEGFP GAS7 F-BAR AE171-E197 (AFFL1) For in vivo assay

29 | pEGFP GAS7 F-BAR N177P For in vivo assay

30 | pEGFP GAS7 F-BAR D207R For in vivo assay

31 | pPEGFP GAS7 F-BAR K209E For in vivo assay

32 | pEGFP GAS7 F-BAR AK209-T216 (AFFL2) For in vivo assay

33 | pEGFP GAS7 F-BAR Q212R For in vivo assay

34 | pPEGFP GAS7 F-BAR E221A For in vivo assay

35 | pEGFP GAS7 F-BAR R242E For in vivo assay

36 | pEGFP GAS7 F-BAR D319A For in vivo assay

37 | pPEGFP GAS7 F-BAR R326A For in vivo assay

38 | pEGFP GAS7 F-BAR R326D For in vivo assay

39 | pEGFP GAS7 F-BAR K327A For in vivo assay

40 | pEGFP GAS7 F-BAR K327D For in vivo assay

41 | pEGFP GAS7 F-BAR E351A For in vivo assay

42 | pPEGFP GAS7 F-BAR M352R/Q356R/K360E For in vivo assay

43 | pPEGFP GAS7 F-BAR K370E/R374E For in vivo assay

44 | pEGFP GAS7 F-BAR K396E For in vivo assay

45 | pEGFP GAS7 F-BAR W397S For in vivo assay

46 | pEGFP GAS7 F-BAR H431A/M435A For in vivo assay

47 | pPEGFP GAS7 F-BAR Q438A For in vivo assay

48 | pEGFP GAS7 F-BAR R449A For in vivo assay

49 | pEGFP GAS7 F-BAR W460S For in vivo assay

50 | pGEX6P1 GAS7c For TEM

51 | pGEX6P1 GAS7b For TEM and cryo-TEM

52 | pGEX6P1 GAS7 F-BAR For TEM

53 | pGEX6P1 GAS7b AE171-E197 (AFFL1) Non-tagged for in vitro assay
54 | pGEX6P1 GAS7b N177P Non-tagged for in vitro assay
55 | pGEX6P1 GAS7b D207R Non-tagged for in vitro assay
56 | pGEX6P1 GAS7b AK209-T216 (AFFL2) Non-tagged for in vitro assay
57 | pGEX6P1 GAS7b Q212R Non-tagged for in vitro assay
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Non-tagged for in vitro assay

58 | pGEX6P1 GAS7b R326A
and cryo-TEM
59 | pGEX6P1 GAS7b K370E/R374E Non-tagged for in vitro assay
60 | pGEX6P1 GAS7 F-BAR AE171-E197 (AFFL1) Non-tagged for in vitro assay
61 | pGEX6P1 GAS7 F-BAR N177P Non-tagged for in vitro assay
62 | pGEX6P1 GAS7 F-BAR D207R Non-tagged for in vitro assay
63 | pGEX6P1 GAS7 F-BAR AK209-T216 (AFFL2) Non-tagged for in vitro assay
64 | pGEX6P1 GAS7 F-BAR Q212R Non-tagged for in vitro assay
65 | pGEX6P1 GAS7 F-BAR R326A Non-tagged for in vitro assay
66 | pGEX6P1 GAS7 F-BAR K370E/R374E Non-tagged for in vitro assay
67 | pGEX6P1 GFP GAS7b AE171-E197 (AFFL1) GFP-tagged for in vitro assay
68 | pGEX6P1 GFP GAS7b N177P GFP-tagged for in vitro assay
69 | pGEX6P1 GFP GAS7b D207R GFP-tagged for in vitro assay
70 | pGEX6P1 GFP GAS7b AK209-T216 (AFFL2) GFP-tagged for in vitro assay
71 | pGEX6P1 GFP GAS7b Q212R GFP-tagged for in vitro assay
72 | pGEX6P1 GFP GAS7b R326A GFP-tagged for in vitro assay
73 | pGEX6P1 GFP GAS7b K370E/R374E GFP-tagged for in vitro assay
74 | pGEX6P1 EGFP GAS7 F-BAR AE171-E197 (AFFL1) | GFP-tagged for in vitro assay
75 | pGEX6P1 GFP GAS7 F-BAR N177P GFP-tagged for in vitro assay
76 | pGEX6P1 GFP GAS7 F-BAR D207R GFP-tagged for in vitro assay
7 pGEX6P1 EGFP GAS7 F-BAR AK209-T216 GEP-tagged for in vitro assay
(AFFL2)

78 | pGEX6P1 EGFP GAS7 F-BAR Q212R GFP-tagged for in vitro assay
79 | pGEX6P1 EGFP GAS7 F-BAR R326A GFP-tagged for in vitro assay
80 | pGEX6P1 EGFP GAS7 F-BAR K370E/R374E GFP-tagged for in vitro assay
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RALLUS s o MATAL
Homo MSGARCRTLY PFSGERHCGQGLRFAAGELITLLOVPDGGWWEGEKEDGLRGWFPASYVQLL
Bos -— MARGCASPRASSS
Xenopus MSGALCRTLYAFTGDQHQQGLKFEAGEVIKVLQFLDGG-WWEGEKDGMRGWFPASYVQIL
panio MSGSFCRSLYAFTGEQHRECLSFQPGELILI TQAPEGCHWEGEKDGARG = = mmm e e
WW domain
Mus - --~MVPPPPGEESQTVILPPGHHSYLSPOGRRY YVNTTTNETTWERP SSSPGISASPCP
Rattus QKPGMVPPPPGEESQTVILPPGWHSYLSPQGRRY YVNTTTNETTWECPSSSSGISASPGP
Homo EKPGMVPPPPGEESQTVILPPGWOSYLSPOGRRY YVNTTTNETTWERPSSSPGIPASPCS
Bos RCCRSRTAAGGKARRRTDSAAGSRRATCSCWRSLEWSPLRRERKARLLSFHRAGKATCPL
Xenopus EKPGMMNAQRIDDQTQVPLPQGWQS YMSPQGRRY YVNTLTNETTWERPNSSP~VSLKSPI
panio ~WFPSTYVOMEQCVVDEPLPREWRS Y ISPOGRQY YVNTISHETTWERPSSTPGTPKTP-L
3 * .
Mus HRSSLPTTVNGYHASG--TPAHPPETAHMSLRKSTGDSQNLGSSSPGRKQS
Rattus HRGSLPPTVNGYHASG~-~TPARPPETAHMSLRKS TGDSQONLGSSSPGKRQSHE
Homo HRSSLPPTVNGYHASG--TPARPPETAHMSVRKSTGDSQNLGSSSPSKKQS!
Bos RAGATMSTRPPMRPPGSVPAVLLGFQPALALTGALCLOONLGSSSPSKKQSHE
Xenopus VEKMSLPTVNGFHSSG~~PPVHQPESGSVHIRKASNEHQSPGSPSPTKEQS
panio XETHSSGTVNGFHANG--SPLEQTEASHVLMRKTSTDQQSPVSTSPIRKHESP
* . Y .. gy R HEE ¥y JERARE,
F-BAR domain N177
Mus LOKQLKGKQMOKEMS
Rattus LOKQLKGKQMQKEMS
Homo KOLKGKQMOKEMS
Bos LOKQLKGKQMOKEMS
Xenopus LLOKQLKGKQOMOKEMA
panio KOLKGKQMOKEMA
EEXE X K ERAEEER tt'itﬁitt't::: FEELIJEEEX SEXERXRERARIRCS
D207k209, Q21. E221
Mus EFJRERIKIEEEYAKNLAKLSQNSLAAQEEGSLGEAWAQVKKSLADEAEVHLKFSAKLES
Rattus EFJRERIKIEEEYAKNLAKLSQNSLAAQEEGSLGEAWAQVKKSLADEAEVHLKFSAKLES
Homo EFJRERIKIEEDYAKNLAKLSQNSLASQEEGSLGEAWAQVKKSLADEAEVHLKFSAKLHS
Bos EFJRERIKIEEEYAKNLAKLSQNSLAAQEEGSLGEAWAQVKKSLADEAEVHLKFSAKLHES
Xenopus EFJRERIRIEEEYAKNLAKLSQSSLASQEEGTLGESWAQVKKSLADEAEVHLKFSSKLQS
panio E RIRIEEEYAKNLSKLSQTPLAAQEEGTLGEAWTQLKKSLTDEAEVHLKFSSKLES
%y XXX s HAE :t"'t :Qtt' o lt,"'t 3 *hx ‘tgt""t: EEEERETRAS ] t':'
R242
Mus EVEKPLMNFRENFXXDMKK(DEHIAD LASRYASVEKARKALTERQKDIEMKTCCLE
Rattus EVERKPLMNFRENFKKDMEK! IAD] LASRYASVEKARKALTERQKD! HK"'CCLE
Homo EVEKPLMNFRENFKXDMKK IAD! LASRYASVEKARKALTERQRDLEMKTCCLE
Bos EVEKPLMNFRENFKKDMKK(DEHIAD! LASRYAAVEKARKALTERQRDLEMKTCCLE
Xenopus EVEKPLLNFRENFKK! IAD] LASRYAAVEKARKALAERQKDIEVKTCCLE
panio EVEKPLLAFRENF QMSD! LSSRHAAVEKARRALADRQKDLESKTCCME
SRR RNERRRERREE ER g RARERR RN R AR E R R E G REEEE EARAF
R242 R326 K327
Mus IKLSNKTEED STQAGDDLMRCVDLYNQA EMVTTTLELERLEVERVEM
Rattus IKLSNKTEED! STOAGDDLMRCVDLYNQA FEEMVTTTLELERLEVERVEM
Homo IKLSNKTEED! STQAGDDLMRCVDLYNQA FEEMVTTTLELERLEVERVEM
Bos IKLSNKTEED STOAGDDLMRCVDLYNQA FEEMVTTTLELERLEVERVEM
Xenopus IKLSNKTEED: STQAGDDLMRCVDLYNQG FEEMVTTTLELERLEVERVEM
panio IKVNSKTEED! STQAGDDLMRCVDLYNQC FEEMVTSSLELERLEMERVEM
B U< A
K370/R374 K396 W397
Mus IRQHLCQYTQL 'mﬂn STVEPVDQ PAKDRE memrvvnm
Rattus IRQHLCQYTQLRHETD TVEPVDQ PAKDRE HKTGNIRPVDMEI
Homo IRQHLCQYTQ! but TVEPVDQ! VDPAKDRE HKTGNIRPVDMEI
Bos IRQHLCQYTQLHHETH TVEPVDQL PAKDRE HKTGNIRPVDMET
Xenopus IRQHLCQYTOQL! Fy s TVEFVDQ! PCKDRE. HKTCDIRFVDMEI
panio IRQHLCQYTTL rg;qx'-mpvn PARDRE HKTGEVRPVDMEI
srrerrnen * FeRRIEaL WAe gretussierere s aarenes
H43T/MA33 T3k ho Waéad

Figure 12: GAS7 splicing isoforms and structure-based alignment of the F-BAR domain sequences. The
alignment was compared between Mus (mouse), Rattus (rat), Homo (human), Bos (cattle), Xenopus (frog), and

Danio (zebrafish) sequences.

2.5 Cell cultures

GAS7b, GAS7 F-BAR and their mutations; AFFL1 (171-197 aa deletion), AFFL2 (206-219 aa
deletion), K370E/R374E, Q212R, R326A, N177P, and D207R mutant were cloned into a
pEGFP-C1 vector, and EGFP was substituted with its brighter variant, Venus. DsRed-
membrane was expressed using a pDsRed-monomer-Mem vector (Clontech). HeLa cells were
cultured in DMEM supplemented with 10% FBS as described previously. Transfection was
performed with Lipofectamine LTX and PLUS reagents (Invitrogen) according to the
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manufacturer’s instructions. The cells were observed with a confocal microscope (Olympus

FV1000D).

2.6 Liposome preparations and liposome co-sedimentation assay

The liposome binding assay was performed as follows. Liposomes were made from total bovine
brain lipids (Folch Fraction 1, Avanti), which the fraction rich in phosphatidylserine (PS). 0.2%
of Rhodamine-PE was incorporated to facilitate visualization of the liposome fraction. The
lipids were dissolved in chloroform in a glass tube, mixed and dried under N> gas to produce a
thin, homogenous lipid film. The residual chloroform from the film was removed by placing
the glass tube in a vacuum desiccator, for a minimum of 20 min. The dried lipid was re-
suspended in buffer containing 200 mM NaCl or 300 mM NaCl, 10 mM Tris-HCI pH 7.5, 1
mM EDTA and the tube was sealed and incubated at 37°C for 1-2 h to form liposomes. The
tubes were vortexed after the incubation. The proteins (0.5 pM and 2.3 pM) and liposomes (0.4
ug/ul) were mixed and were incubated at room temperature for 20 min. After incubation, the
liposomes were precipitated by centrifugation at 50,000 rpm, for 20 min at 25°C, using TLA100
rotor (Beckman Coulter). The supernatant and pellet were supplemented with 8 ul of the 5 x
SDS-PAGE sample buffer, and then examined by SDS—polyacrylamide gel electrophoresis
(SDS- PAGE), and visualized by CBB staining. Figure 13 shows the illustration on liposome

co-sedimentation assay. EGFP-CIP4 F-BAR was used as positive control.

Supernatant

A
A Supernatant
{sup)

(sup)

AD% Pellet
(ppt) \58 §8 {ppt)

Binding No binding

Figure 13: Liposome co-sedimentation assay.

2.7 Preparation of PC:PS:PE-GUVs
Giant vesicles were prepared by natural swelling as follows. Phosphatidylcholine (PC, P3841),
phosphatidylserine (PS, P5660) and phosphatidylethanolamine (PE, P7693) were purchased
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from Sigma-Aldrich. PC:PS:PE-GUVs were prepared according to Alam Shibly et al. (2016),
with slight modifications. The GUVs were prepared by natural swelling in water (MiliQ),
containing 300 mM sucrose. To make GUV with 1.0 mM PC, 1.0 mM of PE and 3.0 mM of
PS, these lipids were prepared in chloroform, in a glass tube and then chloroform was
evaporated by N> gas to produce thin, homogenous lipid film. The residual chloroform in the
film was removed by placing the glass tube in a vacuum desiccator connected to a pump for
>25 min. Twenty pl of buffer containing 10 mM of Tris-HCI (pH 7.5), 300 mM sucrose and
1.0 mM EDTA added into the glass tube and the glass tube was sealed and incubated at 45 °C
for 8 min (prehydration). 230 pl of the same buffer was added, and the tube was resealed and

incubated in an incubator at 37 °C for 2 hr to produce a GUV suspension.

2.8 Fluorescence microscopy

After the incubation, the GUV was observed under IX70 (Olympus) fluorescence microscope,
mixing together with 1% BSA as blocking buffer. To observe the protein binding on GUVs,
0.5 uM of protein was added with the same amount of volume as the GUV's and was incubated

at room temperature for 20 min before observation.

2.9 Transmission electron microscopy

Ten pl of liposomes (0.4 ( g/ 1t 1) were incubated both in the absence and presence of 10 (¢ 1

of protein (0.5 and 2.3 1« M) for 20 min at 30°C. The resulting sample of 20 1 was applied to
formvar-coated copper grid (Nisshin EM) and incubated for 1 min. Excess liquid was carefully
removed by using Whatman filter paper. The grid was then incubated for few seconds with 100
mM HEPES (pH 7.5). Excess liquid was again removed carefully with Whatman filter paper.
The grid was incubated with 0.5% uranyl acetate solution for 1 min and was dried on the filter
paper. Liposome morphologies were examined on Hitachi H-7100 Transmission Electron
Microscope (TEM), with electron energy set to 75 kV. Representative images were taken on an

AMT camera with a direct magnification of 2k x - 12k x.

2.10 Cryo-transmission electron microscopy

Giant vesicles were prepared as mentioned above. After incubation, the tag-cleaved GAS7b
(0.5 uM) and giant vesicles were then incubated for 5 min at room temperature. The mixture
was placed on a glow discharged molybdic electron microscopy grid coated with holey carbon

film (Quantifoil R1.2/1.3, Mo 200 mesh). After blotting the excess liquid with the tip of filter
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papers, the sample was embedded in vitreous ice by plunge-freezing into liquid ethane using an
FEI rapid-freezing apparatus (FEI Vitrobot). The vitrified specimen was transferred to an
advanced cryo-electron microscope (FEI Titan Krios) operated at 300 kV acceleration voltage
and equipped with an image corrector, a direct electron detector (Falcon II, FEI), and a Volta

phase plate. Images were recorded with a nominal magnification of 29,000 (pixel size of 2.37

A on the specimen) under the low-dose condition (total electron dose: ~12 electrons/A?).

2.11 Crosslinking assays

The crosslinking assay was performed by utilizing the following procedure. Two types of
crosslinker ~ reagents  were  used, BS(PEG)5 and Sulfo-EGS [ethylene
glycolbis(sulfosuccinimidylsuccinate)] (Thermo Scientific), with different spacer arm length of
21.4 A and 16.1 A, respectively. DMSO was used to dissolved BS (PEG)5, while HEPES-
containing buffer was used to dissolved Sulfo EGS reagents, to a final stock concentration of 1
mM. Proteins (1.0 uM) of 12 pl, which were purified in a buffer that does not contain any
primary amines, were mixed with 12 pl of crosslinker reagents at different concentrations and
incubated at room temperature for 30 min. The stock of the crosslinker reagents were diluted
with HEPES-containing buffer, and was added to the proteins to obtain final concentrations of
0.01 mM, 0.02 mM, 0.04 mM and 0.06 mM of crosslinker reagents, with the final concentration
of 0.5 uM proteins. The final concentration of DMSO in the BS(PEG)S5 reagent added to the
proteins was 3%. The HEPES-containing buffer consisted of 0.01 mM HEPES at pH 8.0, 150
mM NaCl, | mM EDTA. The reaction was quenched by adding Tris buffer to a final
concentration of 25 mM Tris, for 15 min at room temperature. Both DMSO and buffer were
used as negative controls. The reaction was examined by western blot, using mouse anti-GAS7
(2F6, Origene) as the primary antibody.

As for the crosslinking assays in the presence of liposome, the following procedure was
done. Proteins (2.0 uM) of 48 pl, which were purified in a buffer that does not contain any
primary amines, were mixed with 48 pl of bovine brain Folch (0.4 pg/ul) and incubated at room
temperature for 20 min. Then, 22 pl of this protein and liposome mixture were mixed with 22
ul of crosslinker reagents at different concentrations and incubated at room temperature for 30
min. The final concentrations of the crosslinker reagents used were 0.02 mM, 0.04 mM and
0.06 mM, with the final concentration of 0.5 pM proteins. The final concentration of DMSO in
the BS(PEG)S5 reagent added to the proteins was 3%. The reaction was quenched by adding

Tris buffer to a final concentration of 25 mM Tris, for 15 min at room temperature. Both DMSO
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and buffer were used as negative controls. The reaction was examined by western blot, using

mouse anti-GAS7 (2F6, Origene) as the primary antibody.

2.12 Statistical analyses

All data are expressed as the mean =+ s.d., as indicated in the legends. The data for each condition
were obtained from at least three independent experiments. The statistical analyses were
performed with Microsoft Excel, using the Student’s t-test. A value of P<0.05 was considered

significant.
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3.0 Results

3.1 Binding activity of GAS7 isoforms to the liposomes

3.1.1 Liposome co-sedimentation assay

In order to examine the binding ability of GAS7 proteins to liposome, I examined the binding
of all GAS7 isoforms; GAS7c, GAS7b and GAS7 F-BAR (as shown in Figure 9) to liposomes
made of bovine brain Folch fraction. The effect of membrane binding for this protein is to form
curvature on the membrane. The bovine brain Folch used in this study are rich in
phosphatidylserine (PS, 46 %), phosphatidylcholine (PC, 17%), phosphatidylethanolamine (PE,
9%), phosphatidylinositol (PI, 8%), and small amounts of phosphatidylinositol phosphates
(PIPs) and phosphatidylinositol (4, 5)-bisphosphate (PI (4, 5) P2) (Michelsen et al., 1995). The
Folch fraction lipids are usually used because they contain all kinds of lipids in the brain, and
the BAR domain studies was started with the interest in synaptic vesicles recycling. The Folch
fraction is rich in phosphatidylserine, a negatively charged phospholipids, and thus, the
liposomes are negatively charged.

After incubation of the liposome with protein, then the proteins bound to liposomes
were separated by ultra-centrifugation, and then the supernatant and the pellet were resolved
by SDS-PAGE. The percentage of proteins that bound to liposomes were calculated from the
percentage of precipitated proteins with the liposomes among the total proteins. The
precipitation of the liposome was confirmed by the visualization of lipids in both the
supernatants and precipitates by the rhodamine-labelled PE that was incorporated to 0.2%
during the liposome preparation.

The liposome binding was examined in two salt conditions; the normal salt
concentration (200 mM) and the high salt concentration (300 mM). The high salt concentration
was used to observe the effect of salt on the membrane binding, which is supposed to weaken
the electrostatic interactions. I used CIP4 F-BAR as the positive control. Figure 14 shows the
representative images of SDS-PAGE for each isoform (Figure 14a) and the quantification of
the proteins in the pellet (Figure 14b), under the normal salt concentration. Figure 15 shows the
representative images of SDS-PAGE (Figure 15a) and the quantification of the proteins in pellet
(Figure 15b), under high salt concentration. All GAS7 isoforms showed high binding ability
towards liposomes (>80%) in the normal salt conditions (Figure 14b). However, in the high salt

conditions, the binding of GAS7 isoforms decreased (Figure 15b).
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Figure 14: Liposome co-sedimentation assay. GFP-GAS7 isoforms (GAS7c, GAS7b, and GAS7 F-BAR) and
CIP4 F-BAR as positive control (2.3 pM) were examined for their binding to liposome composed of total bovine
brain lipid at normal salt concentration (200 mM). (a) Representative of the SDS-PAGE images from the assay.
The presence of proteins in pellet (pt) indicates membrane binding. (b) Quantification of proteins in pellet from
Figure 14a with liposomes. Sup: supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed

Student’s t-test. All isoforms are significant, p<0.01, against the positive control.
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Figure 15: Liposome co-sedimentation assay. GFP-GAS7 isoforms (GAS7c, GAS7b, and GAS7 F-BAR) and
CIP4 F-BAR as positive control (2.3 pM) were examined for their binding to liposome composed of total bovine
brain lipid at high salt concentration (300 mM). (a) Representative of the SDS-PAGE images from the assay. The
presence of proteins in pellet (pt) indicates membrane binding. (b) Quantification of proteins in pellet from Figure
15a with liposomes. Sup: supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed Student’s

t-test. All isoforms are significant, p<0.01, against the positive control.
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The co-sedimentation assay revealed that all three isoforms have the ability to bind to
liposomes, both in the normal and the high salt concentrations. Since the Folch fraction is rich
in phosphatidylserine, a negatively charged phospholipids, and thus, the liposomes are
negatively charged. Therefore, GAS7 and the liposomes are thought to bind through the
electrostatic interactions, providing the mutants to be analyzed and the reason behind the

decreased in binding in high salt concentrations.

3.1.2 Transmission electron microscopy

In order to support our data from the liposome co-sedimentation assay, I examined the
morphology of the Folch liposome incubated with each GAS7 isoforms, using transmission
electron microscope (TEM). These liposomes have typically diameters of maximum several
micro-meters. Proteins that binds to the membrane, were able to formed tubulations on
liposomes (Inaba ef al., 2016). I observed the liposomes under TEM with the magnification 12,
000x. I found that all GAS7 isoforms formed tubules, but some liposomes remained without
tubules. Tubules were form in all isoforms, in both salt concentrations (Figure 16). This

observation supports our liposome co-sedimentation assay data in the previous section.

Salt

concentration

Liposome only GAS7c GAS7b GAS7 F-BAR

Normal

(200 mM)

High
(300 mM)

Figure 16: Representative images of GAS7 isoforms through transmission electron microscopy. GAS7 isoforms
(2.3 uM) were examined for their binding to liposome composed of total bovine brain Folch at normal (200 mM)

and high (300 mM) salt concentration. N=3. Magnification 12, 000x. Scale bar: 2 pm.
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3.1.3 GAS7b on the GUV

3.1.3.1 GFP-GAS7b on GUV

I examined the binding and localization of GAS7b on giant unilamellar vesicles (GUV), which
have diameters of several-ten micro-meters. The GUV composition was PS: PC: PE=3:1:1, in
200 mM salt condition. Using fluorescence microscopy, there was no fluorescence signal
detected in GUV only (Figure 17). However, in the presence of GFP-GAS7b, a GFP-
fluorescence protein was detected surrounding on the surface of the GUVs. The GAS7

assembled into the patch on the GUV, without forming prominent tubules from GUV. This

showed that GAS7b binds and assembles on the membrane.

DIC GFP

GUV

+GFP-
GAST7b

Figure 17: Fluorescence microscopy images showing the binding of GAS7 on the membrane of GUV. The image
on the top side is the GUV without the protein. Bottom images show the binding of GAS7b on GUV membrane.
Scale bar: 50 pm.

3.1.3.2 Cryo-transmission electron microscopy (cryo-EM) on GAS7b

I examined the binding and localization of GAS7 on the giant unilamellar vesicles (GUV)
incubated using untagged-GAS7b, using phase contrast cryo-electron microscopy (cryo-EM),
which has enhanced contrast in focus. I specifically focused on GAS7b as GAS7b was reported
to bind to N-WASP, which are involved with actin polymerization and to be involved in actin
cytoskeleton for various cellular phenomenon (You et al., 2010; Tseng et al., 2015). As
compared to the protein-free liposomes, the liposome with ~1 pm in diameter with GAS7b had
striations. The striations indicate that there were binding between the proteins and the liposomes.
Sometimes, the striations on the liposomes had a spacing of ~19 nm in one and ~6 nm in the
second dimension (Figure 18b). These values were comparable to those of the FFOs in the
crystal, suggesting that GAS7 forms FFOs on membranes. Cryo-EM images in Figure 18a
(right) shows the binding of GAS7b on GUV.
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Figure 18: Cryo-EM images showing the binding of GAS7b on the membrane of GUV. (a) The image on the left
is the GUV without the protein. Right image shows the binding of GAS7b on GUV membrane. Striations can be
observed on the right image, suggesting there is a binding between GAS7b protein and GUV. Asterisks (*) indicate
ice crystal contaminations. Scale bar: 100 nm. (b) The enlarged image of the region indicated by a black rectangle

in (a). Scale bar: 20 nm.

3.2 Mutations on GAS7 F-BAR domain

Based on our data, I have found that all GAS7 isoforms were able to bind to the membrane, and
assemble on the membrane. However, the mechanisms of membrane binding of GAS7 and of
the assembly of GAS7 were unclear. Hence, to discover the binding mechanism, we decided to
introduce mutations on the F-BAR domain that were thought to play role in the binding ability

to the membrane.
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3.2.1 Mutations of the GAS7 loops

The GAS7 F-BAR protein structure consists of two loops, known as the filament forming loop
1 (FFL1; aa 171-197) and filament forming loop 2 (FFL2; aa 206-219) (as shown in Figure 8a).
Based on the GAS7 F-BAR crystal structure, both of these FFLs were hypothesized to be
involved with the FFO formation. To determine the roles of both FFL1 and FFL2 for the
membrane binding of GAS7, I made the mutants with deletion of FFLs. Firstly, I expressed the
mutants in HeLa cells. In HeLa cells, the assembly of GAS7 was examined with GFP tag and
the membrane was visualized by the palmitoylated DsRed-monomer (DsRed-membrane), a
diffusive plasma membrane marker. In GAS7b wild type (WT), the patches of several microns
were formed, which excluded the DsRed membrane. This suggest that the patches are protein
assembly like sheets composed of highly concentrated GAS7b (Figure 19a). Then, I expressed
the GAS7b AFFL1 and GAS7b AFFL2 mutants in HeLa cells (Figure 19b and 19c¢). Both of
these mutants showed a significantly reduced patches formation, as compared to GAS7b WT.

This suggested that FFL1 and FFL2 were involved in the patch formation in the HeLa cells.
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Figure 19: Expression of GFP-GAS7b (a) and its mutation, AFFL1 (b) and AFFL2 (c), on HeLa cells,
visualized by confocal microscopy. The plasma membranes of the cells were visualized by co-expression of
DsRed-membrane. Scale bars: 10 pm. The enlarged images of the regions indicated by squares are shown at

the bottom right for GAS7b WT (a).

To examine the correlation of cellular membrane localization of the GAS7 to the in vitro
membrane binding, I performed the in vitro membrane-binding assay, that I utilized the
liposome co-sedimentation assay. Representative images of the gel from this assay are shown
in Figure 20a. This assay revealed that the binding of both GAS7b AFFL1 and GAS7b AFFL2
mutants on liposomes were significantly reduced, compared to that of GAS7b WT (Figure 20b).
Therefore, the cellular membrane localization of GAS7 was consistent with the membrane
binding in vivo and in vitro, proving that these loops played significant roles in the membrane
binding. Because FFL1 and FFL2 were at the contact sites between dimers in the crystals, the

same configuration of the dimers was suggested to occur in the cells.
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Figure 20: Liposome co-sedimentation assay. GFP-GAS7b WT and its mutations, AFFL1 and AFFL2 (0.5 uM)
were examined for their binding to liposome composed of total bovine brain lipid at normal salt concentration
(200 mM). (a) Representative of the SDS-PAGE images from the assay. The presence of proteins in pellet (pt)
indicates membrane binding. (b) Quantification of proteins in pellet from Figure 20a with liposomes. Sup:
supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed Student’s t-test. All isoforms are

significant, p<0.01, against the positive control.

To examine the electrostatic interactions between the membrane and GAS7b and
possibly between GAS7s on the assembly, I examined the binding of these mutants at high salt
concentration of 300 mM NaCl (Figure 21). As the salt concentration increased, the binding
between GAS7b WT and liposomes was decreased, as compared in normal salt concentration

(Figure 20b). The binding of GAS7b AFFL2 mutants was decreased as compared to GAS7b
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WT (Figure 21b). However, I could not quantify the proteins in pellet for AFFL1, due to protein
degradation at high salt concentration. The binding of GAS7b AFFL2 was decreased to ~1/3,
while the binding of GAS7 decreased to ~1/2 as compared to those binding in normal salt

concentration (Figure 20b). Therefore, FFL2 was suggested to contribute to the assembly

through electrostatic interactions.
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Figure 21: Liposome co-sedimentation assay. GFP-GAS7b WT and its mutations AFFL2 (0.5 uM) were examined
for their binding to liposome composed of total bovine brain lipid at high salt concentration (300 mM). (a)
Representative of the SDS-PAGE images from the assay. The presence of proteins in pellet (pt) indicates
membrane binding. (b) Quantification of proteins in pellet from Figure 21a with liposomes. Sup: supernatant. N=3.
Error bars: SD. The P-values were obtained by two-tailed Student’s t-test. All isoforms are significant, p<0.01,

against the positive control.
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The in vivo experiment was also performed using GAS7 F-BAR. GAS7 F-BAR WT
showed patches (Figure 22a) when it was expressed on HeLa cells, the same as in GAS7b WT
(Figure 19a). Then, I expressed the GAS7 F-BAR AFFL1 and GAS7 F-BAR AFFL2 mutants
in HeLa cells. Both mutants abolished patch formation, as compared to GAS7 F-BAR WT
(Figure 22b and 22c).

F-BAR AFFL1

F-BAR AFFL2

Figure 22: Expression of GFP-GAS7F-BAR WT(a) and its mutation, AFFL1 (b) and AFFL2 (c), on HeLa cells,
visualized by confocal microscopy. The plasma membranes of the cells were visualized by co-expression of
DsRed-membrane. Scale bars: 10 pm. The enlarged images of the regions indicated by squares are shown at the

bottom right for GAS7 F-BAR WT (a).

All these data suggested that the interactions between GAS7 dimers through both FFL1
and FFL2 were essential for membrane interaction. Based on the F-BAR domain crystal
structure, one of the two FFL1s (Figure 23, blue) at the convex surface of the dimer interacts
with the tip of the adjacent dimer. The deletion of FFL1 will affect the protein oligomerization

on the membrane surface, reducing the binding between the proteins and the membrane.
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Figure 23: Ribbon diagrams of GAS7 F-BAR crystal structure, showing FFL1 locations (blue). Insert: One of the
two FFL1 interacts with the tip of adjacent dimer. This close-up view showing the sidechains of FFL1 that interacts

with the adjacent dimers.
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Figure 24: Ribbon diagrams of GAS7 F-BAR crystal structure, showing FFL2 locations (magenta). Insert: One

of the two FFL2 interacts with the tip of adjacent dimer. This close-up view showing the sidechains of FFL2 that

interacts with the adjacent dimers.

As for FFL2, one of the two FFL2s at the convex surface of the dimer interacts with a

conserved region on the convex surface of the adjacent dimer in the FFO (Figure 24, magenta).
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The deletion of this FFL2 is thought to affect the oligomerization. When the assembly of these
oligomers is hindered by the deletions, the formation of the protein oligomers on the membrane
surface will also be inhibited, resulting in the reduced membrane binding activity.

One of the FFL2 of the F-BAR dimer, have no contact with the adjacent dimer in the
FFO. We presumed that this surface of free FFL2 as the surface that interacts with membrane

surface.

3.2.2 FFL2 without protein contact interacts with membrane surface

The crystal structure of GAS7 F-BAR domains showed that one of the FFL2 of the F-BAR

Figure 25: Ribbon diagrams of GAS7 F-BAR crystal structure, showing FFL2 locations (magenta). (a) One of the
two FFL2 interacts with the tip of adjacent dimer, as shown in Figure 24. (b) Another FFL2 which does not interact
with any adjacent dimers (insert). Q212 is shown in skyblue. Therefore, the two FFL2s were placed perpendicular

each other.
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dimer, has no contact with the adjacent dimer (Figure 25b, insert). This FFL2 was exposed to
the solvent. Thus, I decided to replace Glutamine 212, which was located at the tip of the FFL2,
with Arginine (Q212R). Arginine (Arg), a positively charge amino acids, was expected to
strengthened the binding between the liposome, which is negatively charge, with the proteins.
Interestingly, The Q212R mutant, with substitution of uncharged to positively charged
amino-acid residue, formed patches, which is similar to the GAS7b WT (Figure 26).
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Figure 26: Expression of GFP-GAS7b WT (a) and its mutation, Q212R (b), on HeLa cells, visualized by confocal
microscopy. The plasma membranes of the cells were visualized by co-expression of DsRed-membrane. Scale
bars: 10 pm. The enlarged images of the regions indicated by squares are shown at the bottom right for GAS7b
WT (a) and GAS7b Q212R (b).

I also found the patches were formed on HeLa cells, infected with GAS7 F-BAR Q212R
(Figure 27). The patches formation on this mutation was similar to GAS7 F-BAR WT.
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Figure 27: Expression of GFP-GAS7 F-BAR WT (a) and its mutation, Q212R (b), on HeLa cells, visualized by
confocal microscopy. The plasma membranes of the cells were visualized by co-expression of DsRed-membrane.
Scale bars: 10 pm. The enlarged images of the regions indicated by squares are shown at the bottom right for

GAS7 F-BAR WT (a) and GAS7 F-BAR Q212R (b).

I performed liposome co-sedimentation assay for GAS7b Q212R mutants, in both
normal and high salt conditions (Figure 28), to examine the binding of this mutation on

membrane.
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Figure 28: Liposome co-sedimentation assay. GFP-GAS7b WT and its mutation, Q212R (0.5 uM) were examined
for their binding to liposome composed of total bovine brain lipid at normal (200 mM) and high salt concentration
(300 mM). (a) Representative of the SDS-PAGE images from the assay. The presence of proteins in pellet (pt)
indicates membrane binding. (b) Quantification of proteins in pellet from Figure 28a with liposomes. Sup:
supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed Student’s t-test. All isoforms are

significant, p<0.01, against the positive control.

Q212R was shown to have stronger binding under both salt concentrations, as compared
to GAS7b WT. These results indicated that one of the two FFL2 were exposed to the membrane
surface. Therefore, FFL2 was not likely to be involved in membrane insertion, in contrast with
the “wedge loop” of PACSIN2 F-BAR domains; which is hydrophobic. The surface of FFL2
without interaction with the adjacent GAS7 F-BAR dimer could be involved in the membrane

binding.
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3.2.3 The point mutants of the membrane binding surface and the dimer-dimer
interaction (oligomerization)

The next question raised from this F-BAR domain crystal structure is that how does the
oligomerization of GAS7 works on the membrane. To answer this question, I introduced 19
mutations on the F-BAR domain at the contact sites between the dimers in the crystal. All these
mutations were selected based on their contacts to the adjacent dimers in the crystal, which
might affect the oligomerization between dimers. All of these mutations point were mutated by
changing their amino acid side chain group; uncharged and charged polar group to non-polar
group, non-polar group to charged or uncharged polar group, positively charged group to
negatively charged group vice versa, and uncharged to charged polar group. These mutants
include N177P, D207R, K209E, E221A, R242E, D319A, R326A, R326D, K327A, K327D,
E351A, M352R/Q356R/K360E, K396E, W397S, H431A/M435A, Q438A, R449A, and
W460S.

There are several amino-acid residues that were suggested to contact with the membrane,
as Q212. We made the K370E/R374E mutant, where the mutated residues were on the same
surface as the Q212 at FFL2 without contact to the adjacent GAS7.

All the 19 mutations are shown in Figure 29, and their suggested roles are summarized

in Table 3.

Figure 29: Ribbon diagram of the GAS7 F-BAR domain crystal structure, with 19 introduced mutations. The
amino acids that were introduced with mutations are N177 (sand), D207 (palecyan), K209 (smudge), E221
(lightblue), R242 (purpleblue), D319 (yellow), R326 (lightpink), K327 (wheat), E351 (purple), M352/Q356/K360
(cyan), K370/R374 (orange), K396 (lightorange), W397 (gray60), H431/M435 (gray20), Q438 (density), R449
(chocolate), and W460 (black).
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Table 3: Suggested functions for each point of mutations.

Suggested functions of mutation point Point of mutation

N177, D207, K209, E221, R242, D319,
R326, K327, E351, M352/Q356/K360,
K396, W397, H431/M435, Q438, R449 and
W460

Contact surface with membrane Q212, K370/R374

Contact surface within dimers

The membrane localization of all these 19 mutants were examined using HeLa cells.
Two mutants were shown to exhibit a significant reduction in the patch formation, as compared

to GAS7b WT. These mutations were R326A and K370E/R374E (Figure 30).

Figure 30: Expression of GAS7b WT (a) and its mutations, R326A (b), and K370E/R374E (c) on HeLa cells,
visualized by confocal microscopy. The plasma membranes of the cells were visualized by co-expression of
DsRed-membrane. Scale bars: 10 um. The enlarged images of the regions indicated by squares are shown at the

bottom right for GAS7b WT (a).
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R326 has contacts with N177 of FFL1 and D207 of FFL2, and thus R326 is supposed
to contribute to the stability of the FFLs (Figure 31). K370/R374 are exposed to solvent, and
thus are thought to contact with the membrane (Figure 32). Hence, I named R326 A mutation

as the stabilizing mutant and K370E/R374E as the surface interaction mutant.

Figure 31: Ribbon diagram of GAS7 F-BAR domain crystal structure showing the contact sites between R326
(lightpink), N177 (sand) and D207 (palecyan). FFL1 is represented by blue and FFL2 is represented by magenta.

The amino acid that was mutated are shown in stick.

Figure 32: Ribbon diagram of GAS7 F-BAR domain crystal structure showing the contact sites between
K370/R374 (orange) with the membrane surface.

3.2.4 The mutants that affect the stability of FFLs

R326 has contacts with N177 on FFL1 and D207 on FFL2. Figure 29 and Figure 31 show that
R326 was found to interact with these both FFLs. The average distance between each mutant
were as follows; N177 and D207 was 3.3 A, N177 and R326 was 3.1 A and D207 and R326
was 2.7 A in the crystal (Figure 33).
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Figure 33: Ribbon diagram of GAS7 F-BAR domain crystal structure showing the contact sites between R326
(lightpink), N177 (sand) and D207 (palecyan). The average distance between N177 and D207 was 3.3 A, N177
and R326 was 3.1 A and D207 and R326 was 2.7 A.

I investigated the membrane binding of N177P and D207R mutants expressed as GFP
fusion protein by liposome co-sedimentation assay, in both normal and high salt concentrations.
Representative images of the SDS-PAGE from this assay are shown in Figure 34(a) and its
quantification is shown in Figure 34(b) for both normal and high salt concentrations. As for the
R326A mutants, I couldn’t express this mutant in GFP-tagged samples as protein degradation

occurs, hence, I performed this mutation on a non-tagged GAS7b samples.
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Figure 34: Liposome co-sedimentation assay, for stabilizing mutants. GFP-GAS7b WT and its mutation, N177P

and D207R (0.5 uM) were examined for their binding to liposome composed of total bovine brain lipid at normal

(200 mM) and high salt concentration (300 mM). (a) Representative of the SDS-PAGE images from the assay.

The presence of proteins in pellet (pt) indicates membrane binding. (b) Quantification of proteins in pellet from

Figure 34a with liposomes. Sup: supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed

Student’s t-test. All isoforms are significant, p<0.01, against the positive control.

N177P and D207R showed a decrease in binding in both salt concentrations. Therefore,

these two amino-acid residues could be important in stabilization of the FFLs for oligomer

formation. When I tested the membrane binding of non-tagged GAS7b WT and these mutants,

there was a significant decreased in the binding between R326A and the liposomes in the
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normal salt concentration. However, there was no significant decreased in the high salt
concentration (Figure 35). This data probably represented the binding surface of the other part
of FFL2. It shows that this surface was partly mediated by direct binding of R326 to the
membrane. This proved that R326A plays an important role for protein oligomerization, but not
in membrane surface interaction.

I couldn’t examine the binding of non-tagged GAS7b N177P and non-tagged GAS7b
D207R mutants as protein degradations occurred during the protein purification steps, causing
multiple bands to appear on the SDS PAGE images. Therefore, R326A mutant could have
retained some membrane binding ability. | concluded that, the oligomer formation and the
membrane binding is closely related but could be separable phenomena when the FFLs were
not deleted.
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Figure 35: Liposome co-sedimentation assay, for stabilizing mutant. Non-tagged GAS7b WT and its mutation,
R326A (0.5 uM) were examined for their binding to liposome composed of total bovine brain lipid at normal (200
mM) and high salt concentration (300 mM). (a) Representative of the SDS-PAGE images from the assay. The
presence of proteins in pellet (pt) indicates membrane binding. (b) Quantification of proteins in pellet from Figure
35a with liposomes. Sup: supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed Student’s

t-test. All isoforms are significant, p<0.01, against the positive control.

3.2.5 Surface interaction mutant

K370/R374, which is located at the FFO surface, was suggested to have contact sites with the

membrane surface (as shown in Figure 32). The in vivo assay as shown in Figure 30(c) shows

reduction of patches in HeLa cells. When I tested this mutation for its ability to bind to the

liposomes, I found that this mutant caused a reduction in protein-liposome binding (Figure 36).
The K370E/R374E mutant with substitutions of positively charged amino-acid residues

to negatively charged ones, decreased the binding between GAS7 proteins and liposomes,

supporting the idea of the electrostatic interactions between the GAS7 and the membrane. I also
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examined the non-tagged GAS7b K370E/R374E on liposome co-sedimentation assay.
Unfortunately, I couldn’t quantify the binding of proteins on the liposomes due to protein
degradation. Our data showed that Q212, K370, and R374 amino-acid residues were the protein

surface that interacts with the membrane surface.
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Figure 36: Liposome co-sedimentation assay, for surface interaction mutant. GFP-GAS7b WT and its mutation,
K370E/R374E (0.5 uM) were examined for their binding to liposome composed of total bovine brain lipid at
normal (200 mM) and high salt concentration (300 mM). (a) Representative of the SDS-PAGE images from the
assay. The presence of proteins in pellet (pt) indicates membrane binding. (b) Quantification of proteins in pellet
from Figure 36a with liposomes. Sup: supernatant. N=3. Error bars: SD. The P-values were obtained by two-tailed

Student’s t-test. All isoforms are significant, p<0.01, against the positive control.
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3.3 Crosslinking assays

Crosslinking assay was carried out to examine the process of chemically joining two or more
molecules (i.e. proteins) by a covalent bond. This assay could reveal low-resolution structural
information for proteins, and novel information on protein-protein interaction. There are several
considerations need to take to carry out, including the spacer arm length, the composition of
the spacer arm, the spacer arm cleavability, and its solubility in the buffer. I selected BS(PEG)5
and Sulfo-EGS. Both reagents have the NHS ester reactive group. Table 4 shows the

characteristics of these two reagents.

Table 4: Characteristics of the crosslinker reagents used in this study.

Spacer arm

Reagent Cleavability Water soluble | Membrane permeability
length (A)

BS(PEG)5 21.7 Not applicable | Yes Nothing

Sulfo-EGS 16.1 Hydroxylamine | Yes Nothing

Longer spacer arms will have greater flexibility and thus reduce steric hindrance. The
cleavability refers to the ability of the reagent to break bonds that existed from the reactions
between the proteins and crosslinkers, and to recover back the individual components.

I compared GFP-GAS7b WT, non-tagged GAS7b WT and non-tagged GAS7b R326A,
at a protein concentration of 0.5 uM, in the presence of different concentrations of the
crosslinker reagents, BS(PEG)5 and Sulfo-EGS. After reaction with BS(PEG)S5 or Sulfo-EGS,
there were higher molecular-weight fractions, indicating the formation of oligomer (Figure 37
and Figure 38). As the concentration of both crosslinkers increased, there were increase in the
amount of the higher molecular-weight fractions. The increased crosslinker reagents
concentration were shown to increase the fraction consistent with the tetramer (tet) of non-
tagged GAS7b WT, but this increase was not observed with the non-tagged GAS7b R326A.
There was no difference in the fraction consistent with the dimer between non-tagged GAS7b
and the R326A mutant. Therefore, GAS7b formed the oligomer through the assembly of the
dimers, while the R326A mutant did not. There were several molecular weight fractions
consistent with the dimers, presumably because intramolecularly crosslinked proteins could
migrate in the gel differently due to different quaternary structures of the multidomain proteins
stabilized by crosslinking. Figure 37 and Figure 38 show the representative of images of the
GAS?7 after reaction with different concentrations of BS(PEG)5 and Sulfo-EGS, respectively.
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Figure 37: Western blot showing the comparison in the crosslinking assay of GFP-GAS7b WT, non-tagged
GAS7b WT and non-tagged GAS7b R326A at different concentration of BS(PEG)S. The arrowed marked band

represent tetramer (tet), trimer (tri), dimer (d) and monomer (m).
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Figure 38: Western blot showing the comparison in the crosslinking assay of GFP-GAS7b WT, non-tagged
GAS7b WT and non-tagged GAS7b R326A at different concentration of Sulfo-EGS. The arrowed marked band

represent tetramer (tet), trimer (tri), dimer (d) and monomer (m).
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Based on Figure 37 and Figure 38, non-tagged GAS7b WT showed a very clear tetramer
band. Hence, I decided to further investigate the oligomer formation of non-tagged GAS7b WT
on liposome, using both crosslinker reagents. The liposome that I used was bovine brain Folch.
As shown in Figure 39, the increased of BS(PEG)5 concentrations increased the amount of the
higher molecular-weight fractions. There were clear tetramer bands in the reactions with the
presences of liposome, as compared to the reactions without liposome. However, the Sulfo-
EGS crosslinker reagent was not able to show a clear band of trimer in the presence and absence
of liposome (Figure 40). There was no tetramer band formed with this reagent. The difference
in the trimer and tetramer bands formation from this both reagents are most probably due to the
length of the spacer arm for each crosslinker. BS(PEG)5 consists longer spacer arm length as
compared to Sulfo-EGS, thus BS(PEG)5 is more flexible to form a conjugate as compared to
Sulfo-EGS. The formation of higher molecular-weight fractions in the presence of liposome

strongly suggest that GAS7b was able to form oligomer on the liposome.

Protein (0.5 uM) GAS7b WT + Liposome GAS7b WT - Liposome

BS(PEG)5 (mM) 0 002 004 006 0 002 004 006
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Figure 39: Western blot showing the comparison in the crosslinking assay of non-tagged GAS7b WT at different

concentration of BS(PEG)5, in the presence and absence of liposome. The arrowed marked band represent tetramer

(tet), trimer (tri), dimer (d) and monomer (m).
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Protein (0.5 uM)  GAS7b WT + Liposome GAS7b WT - Liposome
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Figure 40: Western blot showing the comparison in the crosslinking assay of non-tagged GAS7b WT at different
concentration of Sulfo-EGS, in the presence and absence of liposome. The arrowed marked band represent

tetramer (tet), trimer (tri), dimer (d) and monomer (m).
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4.0 Discussions

Protein-lipid interactions play important roles in cell signaling, lipid metabolism and membrane
trafficking. Bin-Amphiphysin-Rvs167 (BAR) domains are highly conserved and play major
roles in membrane curvature formation. The shape of the membranes changes during various
conditions such as cell migration, cell division, endocytosis and phagocytosis (Itoh and Camilli,
2006; Tsujita et al., 2006; Suetsugu et al., 2014). There are three subfamilies in the BAR
domain. The subfamilies are N-BAR/BAR, the F-BAR (extended Fes-CIP4 homology
(EFC)/FCH-BAR) and the I-BAR (IRSp53-MIM homology domain protein/inverse-BAR)
domains.

Growth-Arrest Specific 7 protein (GAS7) is one of the proteins in the F-BAR sub-family.
GAST7 consists of the SH3 domain, the WW domain, and the F-BAR domain. It is the only
protein in the F-BAR family, with its F-BAR located at the C-terminal.

In this study, I have found that all the GAS7 isoforms have high binding ability to the
liposome. The binding of all the isoforms to the liposomes suggests that the location of the F-
BAR domain in GAS7 at the C-terminal does not affect the liposome-binding properties. To
determine the amino-acids residues in the F-BAR domain responsible for the binding ability, I
introduced several mutations on the F-BAR domains by referring the crystal structure of the
GAS7 F-BAR domain. The asymmetric unit of GAS7 F-BAR domain crystal structure consists
of two dimers. These dimers interacted with symmetry-related dimers, forming oblique
filamentous oligomers with flat surfaces in the crystals, to which I refer as flat filamentous
oligomers (FFOs) (as shown in Figure 8c).

The F-BAR domain consists of two loops, which I refer as the filament forming loop 1
(FFL1) which is at amino-acid residues 171-197; and filament forming loop 2 (FFL2) which is
at amino-acid residues 206-219. Based on our findings, both loops were shown to be involved
in the formation of the FFO. In HeLa cells, the membrane binding of GAS7 as FFO was
indicated by the GAS7b localization, where GAS7 excluded the plasma membrane marker,
suggesting that GAS7 assembles into patches of highly concentrated GAS7b on the plasma
membrane. In order to know the function of these loops, I deleted both of these FFLs and
expressed these mutants in HeLa cells to examine their membrane localization. The deletion
mutants of FFL1 and FFL2 showed significantly reduced patches formation as compared to the
WT. This suggest that both FFL1 and FFL2 are involved in the patch formation in the HelLa
cells. I also performed liposome co-sedimentation assay to examine the binding of these

mutants on lipids. The membrane bindings of these deletion mutants with liposome were shown
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to significantly decrease in the co-sedimentation assay. Therefore, I proposed that these loops
are involved with the interaction between the adjacent dimers. The interaction between dimers
will assemble to form oligomers on the membrane surface. Hence, when the assembly of these
oligomers are hindered by the deletions, the formation of the protein oligomers on the
membrane surface will also be prohibited, resulting in the reduced membrane binding activity.
Our data had strongly suggest that GAS7 binds as oligomer to the membrane. An illustration
of this hypothesis is shown in Figure 41.
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Figure 41: Illustration showing the hypothesis of the GAS7 oligomerization on membrane surface when both
AFFLs were introduced. (a) Ribbon diagram of GAS7 crystal structure showing the comparison of oligomerization
between the GAS7b WT and GAS7 AFFLI. (b) Ribbon diagram of GAS7 crystal structure showing the comparison
of oligomerization between the GAS7b WT and GAS7 AFFL2. (c) Both FFLs are involved with the interaction
between dimers. Thus, their deletion affected the protein oligomerization on membrane surface, and caused

reduction in protein binding.
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In reference to the GAS7 F-BAR domain crystal structure, one of the two FFL1 surface
does not interact with the adjacent dimers in the FFO formation. Q212 is located at the tip of
one of the FFL2 and is exposed to the surface of FFO. Hence, I mutated Q212, by replacing
glutamine (Q); an uncharged amino acid, to arginine (R); a positively charged amino acid. Our
in vivo assay showed that the Q212R mutant showed patches, which is similar as the WT in
HeLa cells. Interestingly, the Q212R mutant increased the membrane binding in liposome co-
sedimentation assay, in both normal and high salt concentration. The change in positive charge
at this amino acid was suggested to increase the binding between the membrane surface and the
proteins, as the membrane region are rich in anionic phospholipids. This is based on previous
findings that had concluded the concave side of the F-BAR crescent-shaped dimer is positively
charged and consists of conserved residues (Shimada et al., 2007). Therefore, I proposed that
this amino-acid residue, has a direct contact with the membrane surface and is suggested to be
involved in the membrane binding. In addition, this data also indicates that this side of FFL2
does not involved in membrane insertion, which suggested that this FFL2 is hydrophilic. An

illustration on how does this mutation works on the membrane binding is shown in Figure 42.
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Figure 42: Illustration showing how Q212R mutation affected the binding in liposome co-sedimentation assay.

I found that R326 residue has contact sites with FFL1 and FFL2. The contact site in
FFL1 is N177 and in FFL2 is D207. I proposed that this R326 residue might contribute to the
stability of the FFLs. Hence, I substituted R326 to alanine, N177 to proline and D207 to arginine.
Liposome co-sedimentation assay showed that N177P and D207R mutants significantly
decreased the binding between proteins and lipids, both in normal and high salt concentrations.
R326A also showed a significant decreased in binding in the normal salt concentration.

However, in high salt concentration, the binding was not significantly decreased. This data



might refer to the other surface of the FFL2, which interacts with the membrane surface. This
side was not affected by the R326 A mutation, as much as it affected the FFL2 surface that
interacts with the adjacent dimers. Thus, this strongly support that R326 plays important role
in stabilizing the FFLs formation, making sure the interactions between this FFLs are intact to
maintain the FFO formation. An illustration on how does these mutations work on the

membrane binding is shown in Figure 43.
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Figure 43: Illustration showing how R326 A mutation affected the interaction between FFL1 and FFL2. (a) Ribbon
diagram of GAS7 showing the interaction between R326 (lightpink) and both FFLs. N177 (sand) is located on
FFL1 while D207 (palecyan) is located on FFL2. (b) The mutation done on R326 was suggested to de-stabilize
the interaction between FFL1 and FFL2, thus affecting the binding between the protein and lipids in liposome co-

sedimentation assay.

K370E/R374E mutation was also suggested to be involved with the interaction between
the membrane surface and the proteins, thus I named them as the surface interaction mutant,
same as Q212R. These residues are located on the oligomer surface. Accordingly, the
replacement of positively charged amino acid lysine in 370 and arginine in 374 to negatively
charged glutamic acid, had greatly reduced the binding between the F-BAR domains and the
membrane surface. This suggest that K370/R374 interacts directly with the membrane surface,
thus the change in the amino acid charge affected the binding towards the membrane. An

illustration on how does this mutation works on the membrane binding is shown in Figure 44.
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Figure 44: Illustration showing how K370E/R374E mutation affected the binding in liposome co-sedimentation

assay.

Based on these data, I propose the mechanism of GAS7 binding to the membrane is
different from other F-BAR domains of PACSIN2 and CIP4. In PACSIN2, the wedge loop at
its F-BAR domain are hydrophobic (as shown in Figure 6) and are inserted into the membrane.
The insertion into the membrane bilayer as wedge, helps PACSIN2 to form curvature on the
membrane (Wang et al., 2009; Shimada et al., 2010; Senju et al., 2011) (as shown in Figure
10). The analysis of the crystal packing of PACSIN2 showed that tip-to-tip interaction may also
contributed to the PACSIN2 packing on membrane (Bai and Zheng, 2013). The elimination of
this tip-to-tip interaction inhibits the tubulation function of PACSIN2 by affecting the number,
diameter and length of tubules. The binding of PACSIN2 around the membrane tubules was
shown to be in putative oligomeric spiral form (Bai and Zheng, 2013; Senju and Suetsugu,

2015) (Figure 45a). This formation can be seen the caveolae formation (Figure 45b).
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Figure 45: Structure of PACSIN2 F-BAR domain crystal structure. (a) Illustration showing the putative oligomeric
spiral of PACSIN2 F-BAR domain around membrane tubules. (b) The putative oligomeric spiral of PACSIN2 F-

BAR domain found in the formation of caveolae.

As compared to our findings, GAS7 loops were hydrophilic, hence, no membrane
insertion occurs for the membrane binding. The loops in GAS7 were shown to be involved in
the protein oligomerization and membrane surface interaction. An illustration of the

comparison between these loops from these two proteins are shown in Figure 46.
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Figure 46: Illustrations show the difference mechanisms of PACSIN2 (left) and GAS7 (right) bind on membrane

surface.
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On the other hand, I-BAR protein, Pinkbar, does not induce any membrane protrusions
or invagination. It also does not tubulates membrane. Instead, it promotes the formation of
planar membrane sheets by deforming phosphoinositide-rich membranes (Pykéldinen et al.,
2011). The N-terminal a-helix of the BAR domain Pinkbar are inserted into the membrane

bilayer, which sense and generate negative curvature (Figure 47).

Pinkbar

ﬂ membrane

Figure 47: The membrane-binding surfaces of individual Pinkbar domains all face in the same direction in the

planar oligomer of the crystal lattice and thus the lipid-binding interface in the oligomer is relatively flat.

As for GAS7 F-BAR domain, the interaction between dimers through FFL1 and FFL2
will assemble the F-BAR domains to form oligomers on the membrane surface. When the
assembly of these oligomers is hindered by the deletions, the formation of the protein oligomers
on the membrane surface will also be inhibited. This resulted in the reduced membrane binding
activity, and was proven by co-sedimentation assay. The mutation of R326 might affect the
location of the two FFLs, and thereby change the stability of the oligomer formation through
the loops. This had affected the oligomer formation in the cells or on the membrane, because
the R326 mutant retained the membrane binding in vitro without the patch assembly in the
HeLa cells. The reduction in the band intensity in the crosslinking assays showed that GAS7
R326A was not able to form oligomers as compared to GAS7b WT. Based on this data, I
proposed that the FFLs contribute to the formation of oligomers that can further assemble into
sheets along the membrane surface. These sheets might actually be involved in the lamellipodia
formation of migrating cells. An illustration on how does the sheets assemble on the membrane

is shown in Figure 48.
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Figure 48: Illustration on how does the GAS7 F-BAR domain (green) assembles on the membrane to form sheets.

In this study, I have shown the binding mechanism of GAS7 on the membrane. The
loops region in GAS7 F-BAR domain crystal structure was shown to be hydrophilic, thus I
proposed that these loops were not involved in membrane insertion. The formation of oligomers
by the FFLs also has shown that this protein assembles on the membrane surface by forming

sheets.
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