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The subcellular structures are mostly composed of the lipid membrane, and the remodeling of
such lipid membrane is essential for the formation and maintenance of subcellular structures.
Several membrane-remodeling proteins are known to impose specific shapes into the membrane.
These membrane remodeling proteins include the Bin-Amphiphysin-Rvs (BAR) domain-
containing proteins. Among the BAR domain-containing proteins, PACSIN2 (or Syndapin II) is
a member of F-BAR (FES-CIP4 homology (FCH)-BAR) domain proteins, a subfamily of BAR
domain-containing proteins that are involved mostly in the tubule-like invaginations of the
plasma membrane or tubular structure formation of intracellular organelles.

PACSIN2 is localized to the neck of caveolae, membrane invaginations that resemble flask
with a diameter of ~100 nm. Caveolae are abundant in endothelial and muscle cells, which are
the cells under mechanical stresses. Caveolar membrane invaginations are flattened for the
buffering of membrane tension. The membrane shaping ability of PACSIN2 is shown to be
essential for caveolar morphogenesis, presumably through the shaping of the caveolar neck.
When the cells are treated with hypoosmotic tension, protein kinase C (PKC) phosphorylates
PACSIN?2 at Serine 313, leading to the removal of PACSIN2 from caveolae, which accompanies
the flattening of caveolae upon tension application. The phosphomimetic mutation of PACSIN2
(PACSIN2 S313E) has weaker binding to liposomes made of bovine brain Folch, suggesting the
phosphorylation induced by a tension weakens the affinity of PACSIN2 to the membrane.

Preceding studies identified the lipids in caveolar membrane. Caveolar membrane is the lipid
bilayer and is composed of phospholipids, which are phosphatidylserine (PS) and
phosphatidylcholine (PC). PS and PC have hydrophilic head groups, serine and choline,
respectively, as well as two fatty acid tails. These fatty acids are reported to be palmitic acid and
oleic acid in caveolae, therefore, the majority of lipids are supposed to be palmitoyl-oleoyl
phospholipids. Furthermore, caveolar membrane contains abundant cholesterol, which is
essential for caveolar formation because depletion of cholesterol results in the disappearance of
flask-shaped caveolae. On the other hand, the tension application onto the membrane flattens
caveolae, raising the possibility that tension inhibited the membrane remodeling by the proteins
such as PACSIN2. However, it had been unclear whether the membrane remodeling of PACSIN2
with or without phosphorylation is dependent on caveolae-specific lipid composition and the
tension applied to the membrane. In this study, membrane remodeling ability of PACSIN2 was
examined using liposomes having similar lipid composition as caveolae. The liposomes with or
without cholesterol: palmitoyl-oleoyl (PO) PC/POPS and POPC/POPS/Cholesterol were
prepared. The binding of PACSIN2 F-BAR to these liposomes was examined by the liposome
co-sedimentation assay. The binding of PACSIN2 F-BAR to cholesterol-containing palmitoyl-
oleoyl lipid liposomes (POPC/POPS/Cholesterol) was weaker than that to the cholesterol-less
liposomes with palmitoyl-oleoyl lipids (POPC/POPS). Therefore, cholesterol was suggested to
weaken the binding affinity of PACSIN2 F-BAR to the membrane.




Next, the effect of tension on PACSIN2 F-BAR binding affinity to liposomes was investigated
by the tension applied to the liposomal membrane by the hypo-osmotic pressure in a range
without membrane rupture. The liposomes without tension were also prepared by using the
isotonic buffers. The binding affinity of PACSIN2 F-BAR to liposomes composed of
POPC/POPS and POPC/POPS/Cholesterol remained unchanged under tension below the
membrane rupture.

To investigate the effect of the phosphorylation of PACSIN2 that occurs upon tension
application to the cells in vitro, the phospho-mimetic mutant of PACSIN2 (PACSIN2 S313E)
was compared with full-length PACSINZ for their membrane binding. The binding of PACSIN2
and PACSIN2 S313E to POPC/POPS remained similar. Interestingly, the binding of PACSIN2
S313E mutant to the cholesterol-containing membrane was much weaker than that of PACSIN2.
Therefore, the phosphorylation at Serine 313 weakens the PACSIN2 binding to cholesterol-
containing membrane, which suggested the cholesterol is required for the removal of PACSIN2
from caveolae upon tension application indirectly through phosphorylation.

The morphology of liposomes was then examined by a transmission electron microscope
(TEM). The POPC/POPS/Cholesterol liposomes were deformed by PACSIN2 F-BAR domain
into ‘the beads on the string’ morphology, which might resemble the curvature of the flask-
shaped caveolae. In contrast, POPC/POPS liposome without cholesterol was deformed by
PACSIN2 F-BAR domain into straight tubules. Therefore, the change in the affinity of PACSIN2
to the membrane might induce the change in morphology that is imposed by PACSIN2.
Consistent with the difference in the binding by co-sedimentation assay for these liposomes,
there were no significant changes in the liposome morphology upon tension application for
liposomes with palmitoyl-oleoyl lipids. Therefore, the affinity of PACSIN2 to the membrane
appeared to be correlated with the membrane morphology, which is altered by the presence of
cholesterol. Cholesterol in the membrane reduces the membrane remodeling activity of
PACSIN2, which appeared to occur independently of tension in this lipid composition.

The ability of cholesterol to modulate PACSIN2 remodeling activity was predicted to occur
through the modulation of the hydrophobic loop insertion because the loop is inserted into the
space in the bilayer membrane of cholesterol localization. Surprisingly, the presence of
cholesterol and of tension did not change the depth of the loop insertion. Therefore, the
unchanged depth of loop insertion indicated the similar membrane-binding mode of the
membrane-bound PACSIN2, indicating the number of PACSIN2 molecules on the membrane
was reduced in the presence of cholesterol, presumably by the decrease in the charge density
upon the cholesterol addition.

In conclusion, the membrane binding of PACSIN2 is negatively regulated by cholesterol
independent of tension itself. The neck of caveolae is the region where the cholesterol
concentration at caveolae starts to decrease. Therefore, PACSINZ2 localization at the neck of
caveolae is thought to have resulted from the lower binding of PACSIN2 to the cholesterol-
containing membrane than the plasma membrane with a lesser amount of cholesterol. The
analysis of PACSIN2 localization using the cells with a decrease of plasma membrane
cholesterol supported the negative regulation of the membrane binding of PACSIN2 for caveolae
maintenance. Therefore PACSIN2 is suggested to remodel the membrane dependent on
cholesterol for caveolar morphology.




1. INTRODUCTION

1.1 Membrane curvatures of the subcellular structures

The lipid membrane is one of the essential components of life. The outermost surface of the
eukaryote cells is considered to be the plasma membrane. The plasma membrane has various
subcellular structures of various functions, including invaginations such as caveolae and clathrin-
coated pit, as well as protrusions such as phagocytic cup, filopodia, lamellipodia, and podosome
(Suetsugu et al. 2014; Safari and Suetsugu 2012; Buccione et al. 2004) (Fig 1). Several proteins
have been known to remodel membrane into these shapes. These proteins are called membrane
remodeling proteins (Simunovic et al. 2013; Knavelsrud et al. 2013; Frost et al. 2009). Among
them are coat forming proteins including coat protein complex I (COPI), coat protein complex Il
(COPII), and clathrin, the membrane scaffolding proteins including BAR (Bin/amphiphysin/Rvs)
domain proteins and the endosomal sorting complex required for transport (ESCRT), the
nucleotide-binding proteins including the dynamin family of proteins and Eps15 homology (EH)-
domain containing proteins (EHDs), and the membrane-embedded proteins including caveolin and
flotillin (Zimmerberg and Kozlov 2006; Shibata et al. 2009; Suetsugu et al. 2014; Prinz and
Hinshaw, 2009).

Phagocytic Filopodium
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"
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Figure 1: Various cellular membrane shapes
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1.2 BAR domain superfamily proteins

Among these proteins with membrane remodeling abilities, the BAR domain proteins
function in dynamic membrane remodeling by their characteristic protein structures that are
thought to correspond to the membrane curvatures. The first analyzed BAR domain from
amphiphysin and many other BAR domains adapt crescent or banana-shaped, and their positively
charged lipid-binding surface structure features a concave shape (Peter et al. 2004; Suetsugu et al.
2014; Qualmann et al. 2011) (Fig. 2). The BAR domain proteins can be found in approximately 70
proteins in humans, and classified into several subfamilies dependent on the amino-acid sequence
similarity, which are (N-)BAR, F-BAR, and I-BAR subfamilies (Frost et al. 2009; Qualmann et al.,
2011; Rao and Haucke 2011; Salzer et al., 2017) (Fig 3). Some members of BAR domain subfamily
possess N-terminal amphipathic helices, and thus called N-BAR domain. The amphipathic helices
can be hemi-inserted into the membrane, thereby promoting the membrane binding of the BAR
domains and the generation of membrane curvatures (Peter et al. 2004; Gallop et al. 2006; Cui et
al. 2011). However, most of the BAR domains do not have the membrane insertion motifs (Peter
et al. 2004; Carlton et al. 2004; Shimada et al. 2007; Pylypenko et al. 2007), except N-BAR domain
and the subset of F-BAR domains of PACSINs/Syndapins (Qualmann et al. 2011; Mim and Unger
2012). Then, the BAR domains bind to the membrane through the electrostatic interactions. All of
the BAR domains have their surface enriched in the positively charged amino-acid residues, and
the negatively charged membrane lipids including phosphatidylserine (PS) and phosphoinositides
interact to these positively charged BAR domain surface, thereby imposing the protein structure to
the membrane. Because PS is abundant in the plasma membrane, and the phosphoinositides can be
generated upon activation of signal transduction cascade for various biological processes, the BAR
domains are supposed to generate and sense membrane curvatures dependent on such negatively

charged lipids.


http://f1000.com/work/citation?ids=317602&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=182045&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=182045&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=165568&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=68147&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=95745&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=317602,417244,4038530&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=317602,417244,4038530&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
http://f1000.com/work/citation?ids=317602,1443604,235372,1545485&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=317602,1443604,235372,1545485&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
http://f1000.com/work/citation?ids=165568,1125785&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=165568,1125785&pre=&pre=&suf=&suf=&sa=0,0

Curved
membrane

\ ___—— Banana shape

Figure 2: BAR domain from human Bin1/Amphiphysin Il that features banana-shape impose its intrinsic
curvature on membrane

The (N-)BAR and F-BAR domain proteins sculpt the membrane into invagination by the
positive curvature, i.e., concave or banana-shaped curvature of the protein structures, whereas the
I-BAR domain proteins generate membrane protrusion by negative curvature of the protein
structures (Fig. 3). The structures where the BAR domain proteins functions include the
invagination for endocytosis through clathrin-coated pits and caveolae, while protrusions include
filopodia and lamellipodia (Suetsugu et al. 2010; Rao and Haucke 2011; Jarsch et al. 2016). These
invaginations of the plasma membrane are considered to be reconstituted in vitro because the in
vitro tubules of liposomes are generated by the reconstituted protein-free liposomes in the presence
of the purified BAR domain proteins. Therefore, the importance of the BAR domain proteins in
the shaping of the membrane structures had been strongly accepted (Masuda et al. 2006; Frost et
al. 2008; Shimada et al. 2010). Besides invagination, F-BAR domain proteins are also localized to
the neck of protrusions (Shimada et al. 2010). The varieties of BAR domains and their structures
are supposed to be important for generating various precise curvatures of various membrane

structures of the cells (Suetsugu et al. 2010).
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Figure 3: Three types of BAR domain proteins and their localization in the cell membrane. F-BAR and N-BAR
produce positive curvature, while I-BAR induces the formation of negative curvature. F-BAR possess shallower
curvature compared with deeper curvature of N-BAR. F-BAR and N-BAR are mainly localized at the neck of
invagination, while I-BAR is mainly at protrusions.



1.3 Caveolae, cholesterol-dependent plasma membrane invagination for mechanical stress

and endocytosis

Caveolae are flask or bulb-shaped invaginations with diameters from 50-100 nm (Fig. 4).
Caveolae are abundant in adipocytes, endothelial cells, and muscle cells, which are the cells that
undergo mechanical stress or tension during their lifetime, but are absent in neurons, lymphocytes,
and kidney proximal tubule (Parton, 2018; Sinha et al., 2011). Caveolae are proposed to function
as mechano-sensor and mechano-protector, because when the tension is applied to caveolae,
caveolae flatten out by their disassembly, which is thought to buffer the tension applied to the
plasma membrane (Parton, 2018; Razani et al., 2002; Sinha et al., 2011) (Fig. 5). Caveolae are also
the membrane invagination for endocytosis. Various receptors and channels are known to be
localized at caveolae, and are supposed to be internalized into the cells (Pelkmans and Helenius
2002; Frank et al. 2003; Parton 2018). The endocytosed caveolae are sometimes used for

transcytosis, the vesicle transport across the cells (Bai et al. 2017; Frank et al. 2009).

A
Sphingolipid
Cholesterol
M\ Pﬁ — Caveolin-1
B

Figure 4: Caveolae membrane. A. Caveolae structure and the main components. B. Impaired caveolae due to
cholesterol depletion.
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Caveolae
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Figure 5: Cell with abundant caveolae at the membrane surface. Cell resist hypotonic tension by expanding its surface
twofold through caveolae flattening and caveolae reassemble upon tension relaxation.

The membrane of caveolae is composed of several types of lipids. Caveolae are enriched in
cholesterol at both leaflet and sphingolipids at their outer leaflet. Cholesterol is highly enriched in
caveolae (Ortegren et al., 2004; Razani et al., 2002; Smart et al., 1999). Up to 41% of membrane
lipids of caveolae in adipocytes was reported to be cholesterol, which is very high cholesterol
content because the typical amount of cholesterol outside caveolae is approximately 22% (Ortegren
et al. 2004). Furthermore, cholesterol is an essential component of caveolae, because cholesterol
depletion impairs the morphology of caveolae (Fig. 5) (Breen et al., 2012; Dreja et al., 2002; Parpal
et al., 2001; Razani et al. 2002). In such an enrichment of cholesterol, caveolae are considered to
be special subsets of lipid rafts marked by caveolin proteins (Patel and Insel 2009; Pike 2003;
Razani et al. 2002). The phospholipids that compose the plasma membrane are phosphatidylserine
(PS), phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylinositol (PI). In
caveolae, PC is the major phospholipids (Pike et al., 2005; Smart et al., 1999). PS is also shown to
be abundant in the cytoplasmic leaflet of caveolae (Fairn et al., 2011; Pike et al., 2005). The
depletion of PS was shown to result in the loss of caveolae morphology (Hirama et al., 2017). The
main fatty acids of caveolar phospholipids are oleic acid (C18:1), palmitic acid (C16:0) (Cai et al.,
2013; Huot et al., 2010), and stearic acid (C18:0) (Cai et al., 2013). Palmitic acid and stearic acid
are predominant fatty acids that bind caveolin-1 (Cai et al., 2013). 16:0-18:1 PC and 16:0-18:1 PS
are abundant phosphatidylcholine and phosphatidylserine in the caveolar membrane (Pike et al.,
2005).
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The essential structural protein is caveolin. Caveolin interacts with cholesterol (Murata et al.
1995), and a caveola contains approximately 150 caveolin proteins (Pelkmans and Zerial 2005),
explaining the reason for the enrichment of cholesterol in caveolae. There are caveolin-1, caveolin-
2, and caveolin-3. Caveolin-1 and caveolin-3 are the essential protein for caveolar formation
(Tachikawa et al. 2017; Jung et al. 2018; Kovtun et al. 2015; Parton 2018). Caveolin-1 is
ubiquitously expressed, but the expression of caveolin-3 is limited to muscles (Park et al. 2002;
Williams and Lisanti 2004). The knockout of caveolin-1 or caveolin-3 is reported to result in the
loss of caveolae. Although the defects by caveolin-1 knockout are limited in endothelial cells and
fibroblasts, such as pulmonary fibrosis, hypertension or cardiac hypertrophy, (Zhao et al. 2002; Le
Lay and Kurzchalia 2005), the knockout or dysfunction of caveolin-3 resulted in the abnormality
in muscles. There are a lot of caveolin-3 mutations that are associated with muscular dystrophies
and cardiomyopathies (Parton 2018), that exhibits the fragile muscle without tolerance to stretches
(Dewulf et al. 2019). Such disease-associated mutations of caveolin-3 support the essential role of

caveolar for tension buffering of the cells.

1.4 The essential roles of PACSINs/Syndapins for formation and maintenance of caveolae

PACSINSs (also known as syndapins) are F-BAR domain protein members that are localized
to invaginations such as endocytic sites including caveolae and interact with endocytic proteins.
PACSINSs contain an F-BAR domain at their N-terminus and the Src homology 3 (SH3) domain at
the C terminus that interacts with dynamins and Wiskott-Aldrich syndrome protein (WASP)
proteins (Kessels and Qualmann, 2004; Modregger et al., 2000; Shimada et al. 2010). The structural
analysis of PACSIN1 and PACSIN2 F-BAR domains revealed that the F-BAR domains have the
positively charged concave surface analogously as the other BAR and F-BAR domains for the
electrostatic interaction with negatively charged lipids including PS on their concave side for the
membrane invaginations. The F-BAR domains of PACSINs have their specific hydrophobic loops
that protrude on the concave membrane-binding surface of the structure, which are inserted into
the hydrophobic region of the membrane that are occupied by cholesterol and the fatty acids of the
phospholipids (Shimada et al. 2010; Rao et al. 2010) (Fig. 6). The concave curvature of the F-BAR

domain structures of PACSINSs is steeper than that of the F-BAR domains that are involved in

12


http://f1000.com/work/citation?ids=7207729,5274273&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=4836648&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=650428,650814&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=650428,650814&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=650860,7207859&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=650860,7207859&pre=&pre=&suf=&suf=&sa=0,0
http://f1000.com/work/citation?ids=7154472&pre=&suf=&sa=0
http://f1000.com/work/citation?ids=7207863&pre=&suf=&sa=0

clathrin-mediated endocytosis including FBP17 and CIP4, suggesting the involvement of

PACSINSs in the narrower invagination of the plasma membrane including caveolae.
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Figure 6: Mechanism of PACSIN2 F-BAR binds cell membrane.

PACSIN isoforms include PACSIN1l/syndapin 1, PACSIN2/syndapin Il, and
PACSIN3/syndapin Il (Qualmann and Kelly 2000; Wang et al. 2009). PACSIN2 and PACSIN3
have been reported to localized to the neck of caveolae (Hansen et al. 2011; Senju et al. 2011,
Seemann et al. 2017). PACSIN3 expression is limited to muscle tissues, while PACSIN2 is
ubiquitously expressed. PACSIN1 is neuronal protein, however, its localization at caveolae is
unclear (Modregger et al., 2000; Seemann et al., 2017; Senju et al., 2011). PACSIN2 and PACSIN3
are localized at the neck of caveolae, and suggested to interact with caveolin-1 through their F-

BAR domain, while PACSIN1 has weak caveolar localization and weak binding affinity to
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caveolin-1 (Senju et al. 2011). Interestingly, PACSIN2 and PACSIN3 share some conserved amino
acid residues in the F-BAR domains, but these residues are absent in PACSIN1 F-BAR domain.
Knockdown of PACSIN2 in HelLa cells impaired the morphology of caveolin-1 associated
membranes and reduces the abundance of caveolae (Senju et al., 2011, Hansen et al., 2011; Senju
and Suetsugu 2015). Importantly, PACSIN3 knockout mice lead to a loss of muscle plasma
membrane invaginations with caveolar morphology, which resulted in the phenotype similar to
muscular dystrophy (Seemann et al., 2017). Therefore, PACSINSs are thought to play essential role
in caveolar morphogenesis.

Upon tension application, PACSIN2 is removed from caveolae by the protein kinase C (PKC)
mediated phosphorylation of PACSINZ at serine 313 (S313) (Senju et al. 2015), which is supposed
to be mimicked by the substitution of the serine 313 amino-acid residue to glutamate, which
resulted in the S313E mutant. The tension applied to the cells by the hypo-osmotic buffer activated
PKC, which was demonstrated by the pharmacological inhibitor of PKC (Chou et al. 1998;
Davenport et al. 1995; Hermoso et al. 2004; Liu et al. 2003). The PKC-phosphorylated PACSIN2
has a slightly weaker affinity to the liposomes made of the total lipid fraction of bovine brain,
which has been widely used for the studies of BAR domains. The weaker affinity of phosphorylated
PACSIN2 was supposed to be reasonable because the membrane binding of PACSIN2 is mediated
by the electrostatic interaction between the positively charged protein and the negatively charged
membrane, where phosphorylation of the protein reduces the amount of positive charge. In cells,
the hypo-osmotic treatment reduced the PACSINZ localization at caveolae (Senju et al. 2015; Senju
and Suetsugu 2015). Combined with the reduced binding of the phosphorylated PACSINZ to the
brain Folch liposomes, it was suggested that the phosphorylated PACSIN2 could be removed from
caveolae by the weaker affinity of phosphorylated PACSIN2 compared to the non-phosphorylated
PACSIN2 upon tension application, leading to the instability of caveolar for the caveolar flattening
(Fig. 7) (Senju and Suetsugu, 2015; Senju et al., 2015).
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Figure 7: PACSIN2 localizes at the neck of caveolae. Under membrane tension, protein kinase C (PKC) is activated
and phosphorylate PACSIN2 at Serine 313, leading to removal PACSIN2 from caveolae and subsequently caveolae
flatten out.

1.5 The aim of this study

The above studies showed that PACSINSs bind to membrane through its F-BAR domains but
did not consider the lipids characteristic to caveolae. The cholesterol was not abundant in the
membrane used for the in vitro assays and the tension was not applied to the membranes in vitro.
The formation of tubular membrane structure appeared to be opposed by the tension applied to the
membrane. Therefore, in this study, | tried to directly examine the role of cholesterol and the
tension for the membrane binding of PACSINZ2, using its F-BAR domain fragment, full-length
protein, and its phosphomimetic S313E mutant. | examined the effect of cholesterol on PACSIN2

F-BAR binding affinity and membrane shaping in vitro reconstituted membrane, i.e., liposomes,
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composed of phospholipids with specific fatty acids abundant in caveolae, that were cholesterol
and 1-palmitoyl-2-oleoyl PC and PS lipids (POPC and POPS), in the presence or absence of the
membrane tension that are induced by hypo-osmolality. | found that cholesterol reduced the affinity
of PACSIN2 F-BAR to the liposomes, inhibiting the formation of straight tubules. In contrast,
PACSIN2 F-BAR remodeled cholesterol-containing liposomes into ‘the beads on the string’
formation whose size resemble the size of caveolae (~100 nm). The higher binding affinity of
PACSIN2 F-BAR in the absence of cholesterol was correlated with the increased tubular structure
formation of PACSIN2 localization upon depletion of cholesterol from the plasma membrane.
Importantly, the insertion depth of the wedge loop to the membrane was not altered by the presence
of cholesterol. Therefore, the decreased affinity to the cholesterol-containing membrane was the
result of the reduced amount of the protein on the membrane, not the alteration of the binding mode
of PACSIN2 to the membrane, rather the decrease in the charge density by the inclusion of
cholesterol. The phosphomimetic S313E mutant exhibited smaller affinity to the cholesterol-
containing liposomes than to the liposomes without the cholesterols, supporting the previous idea
of the phosphorylation-induced reduction of the PACSIN2 membrane binding to the membrane.
Surprisingly, the tension-applied liposomes within the range without the tension-induced rupture
exhibited similar affinity to PACSIN2. These results suggested that the role of PACSIN2 as
cholesterol-dependent membrane shaping protein, of which ability to generate membrane tubules
were negatively regulated by the caveolar-enriched cholesterol. Consistently, the depletion of
cholesterol from the plasma membrane resulted in the enhanced tubules of PACSIN2 with
caveolin-1, which were thought to be the intermediates of the caveolar removal from the plasma
membrane presumably through caveolar endocytosis. Therefore, this study provides the new role
of PACSIN2 for removing the cholesterol-less caveolae from the plasma membrane, which will be

important for the maintenance of the cholesterol-enriched caveolae on the plasma membrane.
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2. MATERIALS AND METHODS

2.1 Plasmid construction

Mouse PACSIN2 F-BAR (aa 1-305), PACSIN2-mcherry, and PACSIN2 S313E-mcherry
were subcloned into pGEX6P1 plasmid by Gibson Assembly® method. Site-directed mutagenesis
in PACSIN2 F-BAR M124W was generated by PCR using PrimeSTAR® Max DNA Polymerase,
according to the manufacturer’s instruction. The plasmids were then transformed into Rosetta Gami
B cells by heat shock. The proteins expressed with this method are Glutathione S-transferase
(GST)-tagged proteins.

2.2 GST-tagged Protein Purification

Rosetta Gami B containing pGEX6P1-related constructs were cultured in LB medium
overnight at 20°C after the IPTG addition. GST-tagged expressed proteins were purified by using
GST beads (Glutathione Sepharose 4B, GE Healthcare Life Science). On the next day, cells were
pelleted and stored in -80°C as the stocks. Before purification, GST beads were washed with E.Coli
sonication buffer (10mM Tris HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, Mili
Q water) three times. To purify the proteins, cell pellets were resuspended in the mixture of the
sonication buffer, 0.1% DTT and 1% PMSF, followed by sonication in an ice container to disrupt
the cell membrane (3-sec burst - 3-sec rest for total time 4 minutes). Lysates were then centrifuged
at 15,000 rpm for 10 min at 4°C. The supernatant was transferred into GST beads suspension and
rotated for 1 hour at 4°C. Then, the beads were centrifuged at 500g for 5 min at 4°C, then the
supernatant was discarded, followed by the suspension of the beads in the wash buffer (10mM Tris
HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, Mili Q water). This beads washing was repeated more
than three times. Subsequently, PreScission Protease (GE Healthcare) was added to remove GST
from the proteins, followed by overnight rotation at 4°C. The protein was then separated from GST
beads by using minicolumn, then stored as stock in -80°C. The purified proteins were visualized
by SDS gel followed by the Coomassie Brilliant Blue (CBB) staining. The concentration of protein

was determined by the band intensities of the gels by Image J.
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2.3 Osmolality measurement

The buffers osmolality were measured using Wescor Vapro 5600 vapor pressure osmometer,

according to manufacturer’s protocol. The unit of measurement is mOsmol/kg.

2.4 Osmotically-induced leakage assay

The lipids used in these experiments are porcine brain Folch, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
dissolved in chloroform, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS) (Avanti Polar Lipids). These lipids were dried under nitrogen
gas, then further drying in vacuum for 20 min. The dried lipids were suspended in 300 ul of the
Carboxyfluorescein (CF)-NaCl buffer, which contained the indicated concentrations of NaCl,
10mM Tris HCI pH 7.5, 1 mM EDTA, 20 pM 5(6)-Carboxyfluorescein, for 1-2 hr. The osmolarity
inside and outside liposomes was adjusted by the NaCl concentration in the CF-NaCl buffer.
Alternatively, the dried lipids were solubilized in the Carboxyfluorescein (CF)-sucrose buffer
containing 460 mM sucrose, 10mM Tris HCI pH 7.5, 1 mM EDTA, and 40 uM CF. 10 mL of
Sephadex G-50 was suspended in the NaCl buffer with the same concentration as NaCl buffer for
liposome preparation. Alternatively, Sephadex G-50 was suspended in the glucose buffer
containing 460 mM glucose, 10mM Tris HCI pH 7.5, 1 mM EDTA. Sephadex G-50 suspension
was then settled in a chromatography column. Then, the liposomes were added to the column and
the CF outside of the liposomes were removed. The eluate drops were collected in Eppendorf tubes
until CF phase came out. The tubes containing liposomes loaded with CF were confirmed under
UV light. These liposomes were then collected in one Eppendorf tubes and divided into three
treatment groups; isotonic, hypotonic, and the liposomes for the determination of total CF. All
groups were centrifuged at 50,000 rpm for 20 min, and the supernatant was removed. The pellet of
the first group was resuspended with isotonic NaCl or Glucose buffer, while the second group was
with hypotonic buffer. Both groups were incubated at room temperature for 20 min, followed by
centrifugation at 50,000 rpm for 20 min. The fluorescence intensity of the supernatant was
measured by spectrofluorometer (Jasco FP-6500). The third group was resuspended with the
sonication buffer (10mM Tris HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, Mili

Q water) for at least 10 min to release the CF from liposomes. The fluorescence intensity of CF
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was measured as the percentage of the total CF. Total CF leakage from liposome was calculated

by the following formula:

(thpo - K )
(Ftotal - I:iso)

Leakage (%) = 100 x

where Fnypo, Fiso, Frotal are the CF intensity of hypotonic, isotonic, and total CF in liposomes,

respectively.

2.5 Liposome preparation for liposomes co-sedimentation assay, Laurdan assay, and
Transmission Electron Microscopy (TEM)

Various liposomes were made from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine  (POPS), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine  (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS),
cholesterol. These lipids were purchased from Avanti polar lipids. To make liposomes, lipids were
dried under nitrogen gas followed by further drying in vacuum for at least 1 hr to remove the traces
of residual solvent. 435 mOsmol/kg sucrose buffer (435mM sucrose, 10 mM Tris HCI pH 7.5, 1
mM EDTA, Mili Q water) was then added to the thin layer of dried lipids followed by vortexing
to induce the formation of liposomes. The liposome suspension was subjected to ten freeze-thaw
cycles of freezing in liquid nitrogen followed by thawing in water bath at 45°C, and then stored in
-30°C or immediately used in the assay. Before using, liposomes were extruded through
polycarbonate membrane with pore size of 2um. All liposomes contain laurdan with lipids:laurdan
molar ratio of 1:1300.

2.6 Laurdan Assay

Laurdan probe, purchased from Chemodex, was diluted in chloroform before use. After the
freeze-thaw cycle, liposomes were extruded through 100 nm pore. To adjust the osmolarity outside

liposomes, the liposomes were treated with 435 mOsmol/kg glucose buffer to obtain isotonic

19



condition (435 mOsmol/kg inside and outside liposome) or with 300 mOsmol/kg glucose buffer to
obtain hypotonic condition (435 mOsmol/kg inside and 300 mOsmol/kg outside liposome).
Laurdan fluorescence was measured by spectrofluorometer (Jasco FP-6500). The emissions of
laurdan were then quantified by calculating generalized polarization (GP) value as bellow:

la40 — la7s
GP value =

l4a0 — la7s

ls40 and 1475 are the emission intensities of laurdan at 440nm and 475 nm, respectively. In general,
the higher the GP values, the tighter the lipid packing.

2.7 Liposome Co-Sedimentation Assay

Liposomes used in this assay were composed of POPC/POPS, POPC/POPS/cholesterol,
DPPC/DPPS, and DPPC/DPPS/cholesterol. Proteins were mixed with the liposomes. The
osmolarity outside liposomes was adjusted by glucose buffer (glucose, 10 mM Tris HCI pH 7.5, 1
mM EDTA, Mili Q water) to obtain isotonic condition (435 mOsmol/kg inside and outside
liposome) and hypotonic condition (435 mOsmol/kg inside and 300 mOsmol/kg outside liposome).
The mixture was then incubated at room temperature for 20 min, followed by centrifugation at
50,000 for 20 min at 25°C ina TLAZ100 rotor (Beckman Coulter). The bound proteins were thought
to found in the pellet, while the unbound ones were in the supernatant. The pellet and supernatant
were then separated, subjected to SDS PAGE and stained by Coomassie Blue Staining (CBB)

staining.

2.8 Transmission Electron Microscopy (TEM)

Proteins and liposomes were prepared and mixed as in liposome co-sedimentation assay, and
placed on parafilm surface on a heating block set at 25°C. After incubation for 20 min, samples
were placed on a grid (Nisshin EM) covered with Polyvinyl Formal (Formvar; Nisshin EM). The

NaCl was removed by HEPES buffer. Samples were stained with 0.5% uranyl acetate and air-dried
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for several hours to remove the remaining solutions. Dried sections were then observed by

transmission electron microscope (Hitachi H-7100).

2.9 Depth of the hydrophobic loop insertion measurement

Quenching of tryptophan (Trp) by brominated phospholipids (Br2-PCs) was introduced to
assess the localization of this residue in bilayers. Liposomes were prepared in several groups:
liposomes without quenchers, liposomes with several concentration levels of shallower quencher
(6,7 Brz), and liposomes with several concentration levels of deeper quencher (9,10 Brz). PACSIN2
F-BAR M124W (5uM) was added to the liposomes solution (0.125 ug/ul) and incubated for 20
min followed by measuring the Trp fluorescence intensity by spectrofluorometer (Jasco FP-6500).
The differences in the quenching Trp fluorescence by (6,7) - and (9,10)- Br>-PC were used to
calculate the depth of insertion in the membrane using parallax method (Chattopadhyay and
London 1987) as follows

Zcr = Leit [- In(F1/F2)/nC - Lo)/21L

where Lc; represents the distance from the bilayer center to the shallow quencher (11 A for
6,7-Br,-PC), C is the mole fraction of the quencher divided by the lipid area (70 A?), F1 and F are
the relative fluorescence intensities of the shallow (6,7-Br»-PC) and deep (9,10-Br,-PC) quenchers,
respectively, and L is the difference in the depth of the two quenchers (0.9 A per CH2 or CBr2
group). For these brominated lipids, the thickness of the hydrophobic region is ~29 A.

2.10 Cell culture
HeLa cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Nacalai)

supplemented with 10% fetal calf serum (FCS), penicillin, and streptomycin (Meiji

pharmaceuticals).
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2.11 Transfection

EGFP-labeled PACSIN2 in pEGFP-C1 (Senju et al., 2015) was transfected with the
Lipofectamine 3000 and PLUS reagents (Invitrogen), according to the manufacturer’s instructions.

mCherry labeled PACSIN2 was prepared by subcloning PACSIN2 cDNA into pmCherry-
C1 vectors (Clontech), in which the GFP in pEGFP-C1 was replaced with mCherry. The cells
stably expressing caveolin-1-EGFP was prepared as described (Senju et al., 2015). The stable
expression of PACSIN2-mCherry was subcloned into pMXs vector, and then was transferred into
cells by the retrovirus produced in the packaging cell line Plat-A (Kitamura et al., 2003). After
FACS sorting and cloning of the cells, the cells with PACSIN2-mCherry expression equivalent to

the endogenous PACSIN2 level were selected by Western blotting for observation.

2.12 Live observation

For live observation by total internal reflection microscopy, HelLa cells were grown on a
glass-bottomed dish, with DMEM containing 10% FBS and 10 mM HEPES (pH 7.5). The images
were acquired for 5 min at 1 or 0.5 s intervals with a total-internal-reflection (TIRF) microscopy
system connected to a confocal microscope (Olympus FV1000D), with a 100x NA 1.45 oil
immersion objective (Olympus). The live cells are treated with 10 mM methyl-B-cyclodextrin
(MBCD).
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3. RESULTS

3.1 Liposomes can resist hypotonic tension up to 160 mOsmol

In the previous study, PACSIN2 was found to be involved in caveolae, which responded to
membrane stress by hypotonic tension (Senju et al., 2015), where PACSIN2 was removed from
caveolae upon hypoosmotic treatment of the cells (Senju and Suetsugu, 2015). However, the
response was not investigated in the reconstituted membrane.

Using hypo-osmotic tension, | examined the effect of tension on the binding and remodeling
activity of PACSIN2 F-BAR to liposomes. Osmotic pressure induces the stretching of liposomes,
which eventually causes liposomes swelling and rupture (Alam Shibly et al., 2016; Finkelstein et
al., 1986). | determined the tension limit that liposomes could exist without rupture by the leakage
of the fluorescent molecules from the liposomes (Fig. 8). The liposomes were made with the buffer
containing fluorescent molecule, carboxyfluorescein (CF), and then purified using the gel filtration
and centrifugation to remove the CF outside of liposomes. Then, the liposomes were treated with
a hypotonic buffer to induce tension at the membrane of liposomes. High hypotonic tension can
cause liposomes rupture followed by leakage of the internal CF, which are measured by spectro-
fluorometer. CF is released from liposomes and relieves the tension when rupture occurs (Hamai
et al., 2007; Shoemaker and Vanderlick, 2002).
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Figure 8: Osmotically-induced leakage assay to determine the limit tension for liposomes
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First, | examined the CF release from the liposomes made of porcine brain Folch fraction,
a total fraction of porcine brain, under several levels of hypotonic tension (Fig. 9A). The result
showed that the leakage increased as the tension increases. Then | picked a tension induced by 160

mOsmol difference between inside and outside liposomes because this tension cause ~10% leakage.
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Figure 9: A. % carboxyfluorescein (CF) release from porcine brain Folch liposomes upon several level of tensions.
B. % CF release from several types of liposomes at a tension induced by 160 mOsmol difference between inside and
outside liposomes. Experiments were performed three times. Error bar indicates SD.
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Then, | applied this tension to liposomes composed of various lipid compositions to confirm
that this tension causes minimal leakage. As the results, the leakage percentage varies among the
liposomes (Fig. 9B). The leakage was considered low (< 20%). Therefore, | selected 435 mOsmol
sucrose as the solute inside liposomes, and 300 mOsmol outside, by using glucose buffer, under
the same salt concentrations, and thus the osmolarity difference between inside and liposomes was
135 mOsmol.

3.2 Hypotonic tension stretched and loosen the lipid packing while cholesterol tighten the

lipid packing

| attempted to confirm the existence of tension on the liposomal membrane. Even though the
leakage occurred, the tension was thought to remain in the liposomes without rupture because the
lipids in the liposome are experiencing stretching, indicating that this level of tension affects the
physical properties of the liposomes.

To examine the tension applied to the membrane, | examined the lipid packing of the
liposomes both under hypotonic tension and lack tension (isotonic) by using Laurdan fluorescence
probe, which is embedded in the lipids and change the fluorescence by the packing, or more
precisely on the environment of the surroundings. The Laurdan’s emission shifts from blue to green
in the ordered lipid phase of the membrane due to tight lipid packing, and shift from green to blue
in the disordered or fluid lipid phase due to loose packing. Such shift in Laurdan’s fluorescence
can be expressed by the generalized polarization function (GP value), which are the ratio of the
emission at the two wavelengths quantify the exposure of Laurdan to water, where GP value of 1
means no exposure of Laurdan to water, whereas GP value of -1 means the complete exposure of
Laurdan to bulk water (Amaro et al., 2017; Golfetto et al., 2013; Sanchez et al., 2012).

| prepared liposomes composed of cholesterol, PC, and PS, which are abundant lipids in
caveolae. PC and PS lipids are major phospholipids in caveolae (Ortegren et al., 2004; Razani et
al., 2002; Smart et al., 1999; Zeghari et al., 2000,), and palmitic acid (16:0) and oleic acid (18:1)
were reported to be abundant fatty acids in caveolae (Cai et al., 2013; Huot et al., 2010). In addition
to phospholipids, cholesterol has been known to be essential in caveolae formation (Ortegren et al.,
2004; Razani et al., 2002; Smart et al., 1999). Accordingly, | prepared the liposomes from 1-
palmitoyl-2-oleoyl PC and PS lipids (POPC and POPS) (Fig. 10), in the presence and absence of
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cholesterol. These liposomes exhibited ~16% rupture upon the hypoosmotic tension induced by
the 300 mOsmol glucose (Fig. 9B).
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Figure 10: Lipid composition of liposomes. POPS and POPC contain major fatty acids in caveolae (palmitic acid
(16:0) and oleic acid (18:1).

The laurdan fluorescence at 440 nm, which is blue emission, represents tight lipid packing,
and that at 475 nm, which is green emission, indicates loose lipid packing (Fig. 11A). In
POPC/POPS liposomes, in which cholesterol is absent, the emission intensity at 440 nm appeared
to be similar to that at 475 nm in the presence or absence of tension. The presence of cholesterol
in POPC/POPS/cholesterol shifted the emission peak to 440 nm, suggesting that cholesterol tighten
the lipid packing. These results were then quantified by GP value. The GP value decreased when
more water penetrates into the bilayer due to a loosening of lipid packing. GP value increases when
less water penetrates into bilayer due to the tightening of lipid packing. The GP values (Fig. 11B)
showed that tension lowered the GP value of POPC/POPS liposomes, indicating that tension
stretches the lipids and loosen the packing. While tension did not significantly alter the GP value
of POPC/POPS/cholesterol liposome, suggesting that tension was not sufficient to loosen the lipid
packing of POPC/POPS/cholesterol liposomes, which contain a lot of packing defects for water
penetration without tension (Fig. 11C). These data suggested that tension stretched the lipid

packing only in the absence of cholesterol.
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Figure 11: Laurdan fluorescence assay for lipid packing detection. A. Laurdan fluorescence intensity measurement
(a.u) was performed under isotonic (no tension) and hypotonic tension. Lipids : Laurdan molar ratio is 1:1300. B.
Generalized polarization (GP) chart. C. Lipid packing conditions in POPC/POPS and POPC/POPS/cholesterol.
Tension loosen the lipid packing in the absence of cholesterol. The presence of cholesterol stabilizes the packing under
tension. Experiments were performed 3 times, error bar indicates SD, paired-Ttest.
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3.3 Hypotonic tension did not affect the binding affinity of PACSIN2 F-BAR to
POPC/POPS and POPC/POPS/cholesterol liposomes

The removal of PACSIN2 from caveolae upon tension indicated that hypotonic tension
removed PACSIN2 from caveolae. In cells, hypoosmotic tension induced the phosphorylation of
PACSIN2 (Senju et al., 2015). However, it had been unclear whether the phosphorylated PACSIN2
had a weaker affinity to caveolar lipid membrane or tension directly weaken the PACSIN2 binding
by opposing the deformation of the membrane by PACSINZ2. Because the F-BAR domain is the
membrane binding domain of PACSINZ2, | then examined the binding affinity of PACSIN2 F-BAR
to POPC/POPS and POPC/POPS/cholesterol liposomes, under both isotonic and hypotonic tension,
by the liposome co-sedimentation assay (Fig. 12). Because the amount of the PACSIN2 proteins
in the liposomal pellet (indicated by P) were similar independently of lipid composition and tension
(Fig. 13), | found that the binding affinity of PACSIN2 F-BAR under both isotonic and hypotonic
tension was similar, indicating that tension was independent of cholesterol. This result confirmed
that hypotonic tension does not directly affect PACSIN2 F-BAR binding to the membrane,
suggesting the removal of PACSIN2 from caveolae happened by the weaker affinity of the
phosphorylated PACSIN2, as has been suggested from the binding to the brain Folch liposomes
(Senju et al., 2015).
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Figure 12: Liposome co-sedimentation assay
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Figure 13: Binding affinity of PACSIN2 F-BAR (5 uM) to POPC/POPS and POPC/POPS/cholesterol under isotonic
(no tension) and hypotonic tension by co-sedimentation assay. PACSIN2 F-BAR was incubated with liposomes,
supernatant (S) was then separated from pellet (P) by ultracentrifuge. S and P were subjected to SDS gel and stained
by CBB. Liposome concentration: 0.125 pg/ul. Assay was performed 4 times, error bar indicates SD, and statistically
significance between iso and hypo condition was analyzed by paired T-test.

3.4 Cholesterol weaken the binding affinity of PACSIN2 to the liposomes

The effect of cholesterol on the binding affinity of PACSIN2 F-BAR was then investigated
by determining the concentration of liposomes that is required for 50% binding (dissociation
constant, Kd), by liposome co-sedimentation assay. The results are presented in Fig. 14, which
shows the percentages of PACSIN2 F-BAR binding to liposomes in co-sedimentation assay
dependent on the concentrations of liposomes (ug/ul). In POPC/POPS, the concentration of this
liposome to reach 50% binding with PACSIN2 F-BAR was 0.10 pg/ul, while PACSIN2 F-BAR
required more POPC/POPS/cholesterol, 0.24 ug/ul, to reach 50% binding.

29



One of the ways that PACSIN2 F-BAR interacts with cell membrane is through the interaction
between positively-charged residues of F-BAR with negatively-charged phospholipids (Fig. 6). In
this study, POPS was the negatively charged-phospholipids. In POPC/POPS, 0.10 pg/pl contained
53.1uM POPS, while in POPC/POPS/cholesterol, 0.24 pg/ul contained 84.9 uM POPS (Fig. 14A).
The presence of cholesterol was thought to promote the formation of larger defect due to the
formation of the ordered phase, which might result in ~40% decrease in the affinity by the presence
of cholesterol. In this condition, PACSIN2 F-BAR required more POPS to reach 50% binding in
the presence of cholesterol, or in other words, cholesterol weakened the binding of PACSIN2 F-
BAR to the liposomes.

5 = s
o =
A B ¢ =) @) O g
s . & g3
8o 2 e g%
= =
. S E o @) g_) S
%binding e 2 < a
o ©
120 O g. S P S P S P
100 0.75 — —
80 —
60 POPC/POPS
kd=0.1pg/pl 0.25 _—
(53.1uM PS) POPC/POPS/chol : — _—
0 kd=0.24pg/pl
84.9uM PS
2 (84.9uM PS) 0.25 | == - —
0
0.0001 0.001 0.01 01 1 10 0.0156 | === . —
concentration of liposomes (Log pg/pl)
POPC:POPS  * POPC:POPS:Chol 0.0039 | - — e — ——
0.00024) === R — =

Figure 14: Dissociation constant (Kd) of purified PACSIN2 F-BAR (5uM) to liposomes made of POPC/POPS and
POPC/POPS/cholesterol, determined by liposome co-sedimentation assay. PACSIN2 F-BAR was incubated with
liposomes, supernatant (S) was then separated from pellet (P) by ultracentrifuge. S and P were subjected to SDS gel
and stained by CBB. Kd graph represents % binding of PACSIN2 F-BAR against concentration of bound liposomes
to PACSIN2 F-BAR. Experiments were performed at least 3 times each concentration of liposome. Kd value was
analyzed by excel solver.
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3.5 The phosphorylation mimetic PACSIN2 S313E mutant had reduced affinity to the

cholesterol containing membrane

PACSIN2 phosphomimetic mutant (PACSIN2 S313E) was found to be decreased in
liposome composed of bovine brain Folch (Senju et al., 2015). However, it remained unclear
whether the decrease was cholesterol dependent because the decrease was observed with the
liposomes made of bovine brain lipids, which contains cholesterol (Rouser et al., 1963; Vedaraman
et al., 2004). Therefore, | performed liposome co-sedimentation assay to examine the binding
affinity of PACSIN2 S313E and PACSIN2 to POPC/POPS and POPC/POPS/cholesterol. | found
that the binding affinity of these two proteins to POPC/POPS liposomes was similar (Fig. 15).
However, the binding of PACSIN2 to POPC/POPS/cholesterol liposomes was weaker than to
POPC/POPS liposomes, consistent with binding of PACSIN2 F-BAR to liposomes and the
previous report showing that PACSIN2 S313E had weaker affinity to the liposomes made of bovine
brain Folch compared to PACSIN2 (Senju et al., 2015).
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Figure 15: Binding affinity of PACSIN2 full length-mcherry and PACSIN2 S313E-mcherry to POPC/POPS and
POPC/POPS/cholesterol liposomes by co-sedimentation assay. The assay was performed three times. Error bar
indicates SD. Statistical significance data were analyzed using the Student’s t-test.
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3.6 Cholesterol, but not tension, altered the remodeling activity of PACSIN2

In order to investigate whether cholesterol influenced the membrane remodeling of
PACSIN2, | next observed the morphology of liposomes in the presence of PACSIN2 F-BAR by
transmission electron microscope (TEM). In POPC/POPS, PACSIN2 F-BAR deformed this
liposome into tubular shapes. However, in POPC/POPS/cholesterol, no tubular shapes were
observed. Instead, PACSIN2 remodeled this liposome into the formation of ‘the beads on the
string’, with a size of ~100 nm (Fig. 16). The size of this beads-like shape might resemble the size
and curvature of the flask-shaped caveolae. These results indicated that cholesterol suppressed the
formation of straight tubules by PACSIN2 F-BAR and induced the formation of caveolae-like
morphology in the liposome made of PO lipids.

LIPOSOME + PACSIN2 F-BAR

POPC/POPS

POPC/POPS/
cholesterol

Figure 16: Negative-stain TEM. PACSIN2 F-BAR (5 uM) deform POPC/POPS liposome into tubular shape, and
POPC/POPS/cholesterol into caveolae-associated morphology with size of ~100nm. Liposome concentration: 0.125
png/ul.
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The effect of hypotonic tension on PACSIN2 F-BAR remodeling activity was then observed
by TEM. Under hypotonic tension, PACSIN2 F-BAR still deformed the POPC/POPS liposomes
into tubular shape in a similar manner as under isotonic condition, and the formation of ‘the beads
on the string’ in POPC/POPS/cholesterol remained unchanged (Fig. 17). These data suggested that
hypotonic tension did not affect the binding and remodeling activity of PACSIN2 F-BAR.

POPC/POPS  + PACSIN2 F-BA_B POPC/POPS/chol + PACSIN2 F-BAR

No tension

Tension

Figure 17: Negative stain TEM show the remodeling activity of PACSIN2 F-BAR (5 uM) to POPC/POPS and
POPC/POPS/cholesterol under both isotonic and hypotonic tension. Liposome concentration: 0.125 pg/ul.
Observations were independently performed three times.

3.7 Cholesterol and hypotonic tension did not alter the insertion depth of the hydrophobic
loops of PACSIN2 F-BAR

| found that cholesterol reduced the binding affinity and remodeling activity of PACSIN2 F-
BAR to the membrane. Since hypotonic tension stretched the lipid packing, 1 next examined
whether cholesterol and hypotonic tension modulate the depth of PACSIN2 F-BAR loops insertion.
To measure the depth of loop insertion, a tryptophan was inserted at the tip of the loop, to measure
the distance from the bilayer center to the tip of the loop (Fig. 18A). In order to do this analysis, |
constructed PACSIN2 F-BAR MI124W mutant and prepared POPC/POPS and
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POPC/POPS/cholesterol containing brominated phospholipids (Br2-PC) (Fig. 18B). The quenching
of tryptophan fluorescence by bromides was then measured by spectrofluorometer. As shown in
Fig. 19, the tryptophan fluorescence tended to decrease as the amount of Br.-PC increased. The
quenching by 6,7 Br-PC was stronger than by 9,10 Br-PC, indicating that the position of the tip of
the loop was closer to 6,7 position than to 9,10 in the acyl-chains of phospholipids. The distance
of the 6,7 Br to the center of phospholipids bilayer was 11 A, while the 9,10 Br was 8.3 A away
from the bilayer center (Fig. 18B) (Kyrychenko et al., 2017; Zhao and Kinnunen, 2002).

The depth of the loop from bilayer center was calculated by the parallax method
(Chattopadhyay and London 1987) and revealed that in POPC/POPS the position of PACSIN2 F-
BAR loop from bilayer center, under isotonic condition (no tension) and hypotonic tension were
10.3 + 0.2 A and 10.2 + 0.5 A, respectively (Fig. 19). While in POPC/POPS/cholesterol, the
distances under isotonic and hypotonic conditions were 10.2 + 0.6 A and 9.7 + 0.6 A, respectively.
There was no significant difference in the insertion depth between isotonic and hypotonic
conditions. There was also no significant difference in the insertion depth between in the presence
and in the absence of cholesterol, as well. However, the tryptophan fluorescence was more
quenched in POPC/POPS than in POPC/POPS/cholesterol, presumably because the binding of
PACSIN2 F-BAR to POPC/POPS was stronger than to POPC/POPS/cholesterol, as a result, there
were more unbound PACSIN2 F-BAR in the solution. Weaker binding affinity causes a lesser
number of the loops are inserted into liposomes, in consequence, lesser tryptophan were quenched
by Br,-PC. Taken together, these results suggested that tension and cholesterol did not alter the
position PACSIN2 F-BAR hydrophobic loops insertion, even though cholesterol modified
remodeling activity of PACSIN2 F-BAR and tension loosened the lipid packing in POPC/POPS
liposomes, suggesting that the possible decrease of the charge density and the changes in other
properties of the membrane in the presence of cholesterol reduced the affinity of PACSIN2 to the

membrane.
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Figure 18: A. Illustration of PACSIN2 F-BAR hydrophobic loops insertion into liposomes containing brominated
phosphatidylcholine (Br,-PC). Bromides quench tryptophan fluorescence localized at the tip of the loop. Depth of
insertion indicates the distance from the tip to the bilayer center. B. The structure of the quenchers used in this study

and the distance from bilayer center to the quencher (Br).
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Figure 19: Fluorescence intensity (FI) of tryptophan in the presence of several %mol Br.-PC (0.1; 0.15; 0.20; 0.25;
0.30), under both isotonic and hypotonic tension, presented as In F/FO with F = FI of tryptophan after quenching, FO=

FI without quencher. PACSIN2 F-BAR: 5 uM, liposome concentration: 0.125 pg/ul.
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3.8 The cholesterol dependency of the PACSIN2 binding depends on the specific acyl-
chains of phospholipids

The di-palmitoyl and di-oleoyl lipids are also possible found in caveolae, although most
phospholipids are supposed to be one saturated and one unsaturated acyl-chains (Pettitt 2009; Goto-
Inoue et al. 2013; Pham et al. 2019; Skotland and Sandvig 2019; van Meer et al. 2008). | examined
the binding affinity of PACSIN2 F-BAR on liposomes composed by DPPC/DPPS, di-palmitoyl
(DP; 16:0-16:0) PC and PS, and DPPC/DPPS/cholesterol liposomes. DP lipids contain saturated
fatty acid at both tails, and thus the liposomes made of these lipids have the tight lipid packing that
inhibits the insertion of hydrophobic peptide (Bigay and Antonny, 2012) including PACSIN2 F-
BAR loops (Fig. 20). The binding affinities of PACSIN2 F-BAR to both DPPC/DPPS and
DPPC/DPPS/cholesterol  liposomes were decreased compared with POPC/POPS and
POPC/POPS/cholesterol liposomes as shown by the amount of the protein is the liposomal pellet
(indicated by P in Fig. 21A). There was no difference in the affinities to DPPC/DPPS and
DPPC/DPPS/cholesterol liposomes. The reduced binding to DP lipids compared to PO lipids
indicated that the tight lipid packing of DP lipids inhibits the insertion of the loops. While similar
binding of PACSIN2 to DPPC/DPPS liposomes and to DPPC/DPPS/cholesterol liposomes might
indicate that DP membrane had phase separated in the presence of cholesterol (Choi et al. 2014;
Miyoshi and Kato 2015), giving the same membrane in the presence or absence of cholesterols,
and thus apparently being independent of cholesterol.

| also examined the binding affinity of PACSIN2 F-BAR to liposomes composed of
DOPC/DOPS, in which both lipids have two oleic fatty acid chains (di-oleoyl (DO); 18:1-18:1),
and DOPC/DOPS/cholesterol. The binding affinity of PACSIN2 F-BAR to these two types of
liposomes was similar as shown in Fig. 21B. These results appeared to be correlated with the
previous studies reporting that cholesterol has a strong tendency to escape from bilayers composed
of DO lipids (Ali et al., 2007; Niu and Litman, 2002).
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Figure 20: Tight lipid packing of DPPC/DPPS due to lack of unsaturated fatty acid prevents hydrophobic loop
insertion, and thus the binding likely only happens through electrostatic interaction between F-BAR and DPPS.

3.9 PACSIN2 induced tubulation upon cholesterol depletion in cells

In order to investigate whether cholesterol could affect the PACSIN2-mediated membrane
deformation in cells, the effect of cholesterol depletion on PACSIN2 F-BAR remodeling activity
was investigated in HeLa cells expressing PACSIN2 F-BAR domain fragment. These cells were
treated with Methyl-B-cyclodextrin (MBCD) to deplete cholesterol content from the plasma
membrane. The cells under microscope were treated with MBCD, which gradually decreased the
cholesterol on the plasma membrane. | found that cholesterol depletion induced acute tubulation
of PACSIN2 F-BAR domain localization (Fig. 22). The similar tubulation of the full-length
PACSIN2 was observed upon MPBCD treatment, suggesting that cholesterol regulated the
membrane deformation of full-length PACSIN2 (Fig. 22). These observations confirmed that
cholesterol suppressed the formation of straight tubules of PACSIN2, or in other words, reduced
remodeling activity of PACSINZ2. This effect appeared to be correlated with the reduced binding
affinity of PACSIN2 F-BAR in the presence of cholesterol in vitro (Fig. 14).
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Figure 21: Binding affinity of PACSIN2 F-BAR (5uM) to A. DPPC/DPPS and DPPC/DPPS/cholesterol. B. DO (di-

oleoyl; 18:1-18:1) PC/DOPS and DOPC/DOPS/cholesterol. Liposome concentration: 0.125ug/ul. Experiments
were performed three times. Error bar indicates SD.
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MBCD PACSIN2 F-BAR PACSIN2

13 min

25 min

Figure 22: HeLa cells expressing PACSIN2 F-BAR and PACSIN2 full length show acute tubulations after methyl-p-
cyclodextrin (MBCD) treatment. The tubulation started to appear at 13 min after cells were treated with MBCD.
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3.10 PACSIN2 were transiently recruited to caveolae upon cholesterol depletion,

presumably leading to the removal of caveolae

The effect of MPCD treatment on caveolae morphology was then observed. HeLa cells stably
expressing PACSIN2-mCherry and caveolin-1 GFP at endogenous protein levels and then was
treated with MBCD. PACSIN2 were transiently recruited to caveolin-1 and form acute tubulation
with caveolin-1 localized at the tips (Fig. 23). Eventually, these tubules were disappeared
simultaneously with the disappearance of caveolin-1 from plasma membrane. Therefore, these
PACSIN2-localized tubules are considered to be the intermediates of endocytosis structures,
because those tubules were shown to be increased by the inhibition of dynamin, a protein that
executes membrane cutting in the endocytosis (Senju et al., 2011). This observation was consistent
with previous studies that cholesterol depletion impairs caveolae morphology and lead to decrease
the number of caveolae (Breen et al., 2012; Dreja et al., 2002; Parpal et al., 2001). These results
also suggested that PACSIN2 remodel cholesterol-less membrane into tubular shape for
presumable caveolae depletion through endocytosis and cholesterol-containing membrane into

caveolae-associated morphology.
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PACSIN2-mcherry CAVEOLIN-1-GFP

0 min

5 min

13 min

Figure 23: HelLa cells expressing PACSIN2-mcherry and caveoln-1-GFP after (MBCD) treatment show acute
tubulation with caveolin-1 at the tip of the tubules. PACSIN2 were transiently recruited to the caveolin-1 associated
membrane (shown in the blue box, pointed by white arrows) and impaired the morphology of caveolae followed by
decrease of caveolae number.
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4. DISCUSSION

In this study, | found that the membrane binding of PACSINZ2 is negatively regulated by
cholesterol in the membrane, using the reconstituted membrane containing the abundant lipids in
caveolae, i.e., palmitoyl-oleoyl acid PC, PS, and cholesterol. Caveolae contain abundant
cholesterol, presumably by the interaction with caveolin-1 (Fig.4). The localization of PACSIN2
at the neck of caveolar invaginations, not at the entire caveolar flask, appeared to be consistent with
the negative regulation of membrane binding by cholesterol. The electron microscopic
observations of the cholesterol-containing and cholesterol-less membranes in the presence of
PACSIN2 indicated that the cholesterol can modulate the membrane shaping ability of PACSINZ,
which is essential for caveolar morphogenesis, presumably for the shaping the caveolar neck. The
previously suggested weakening of the membrane binding by the phosphorylation of PACSIN2
that happens upon the tension application to the cells were confirmed by using the cholesterol-
containing membrane, while the tension itself did not significantly affect the membrane binding of
PACSIN2. These in vitro data indicate that the lipid composition, rather than membrane tension,
is the primary determinants for the membrane binding and membrane shaping by PACSIN2 (Fig.
13&14). Consistently, the depletion of cholesterol from the plasma membrane induced the
PACSIN2 tubules that appeared to contain the elongated caveolae, which appeared to be the
intermediate structure of caveolar endocytosis. Because cholesterol is known to be essential for
caveolae structure, such tubular structure formation upon cholesterol decrease would be the

mechanism for the downregulation of caveolae upon the decrease of cholesterol.

4.1 The membrane binding of PACSIN2Z in the presence of cholesterol and under tension

The binding of PACSIN2 F-BAR to POPC/POPS and POPC/POPS/cholesterol were
examined by the liposome co-sedimentation assay. The binding of PACSIN2 F-BAR to
POPC/POPS/Cholesterol was weaker than that to POPC/POPS (Fig.14). Such difference in the
binding appeared to be correlated with the presence of cholesterol in the membrane. Then, the
presence of cholesterol is known to increase in the packing defects in the membrane. The charge
density of the membrane decreases by the addition of cholesterol because of the slight increase in

the membrane area. Therefore, the decreased affinity of PACSIN2 to the membrane by the
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cholesterol might be explained by the decrease in the charge density by the cholesterol addition.
Alternatively, the cholesterol makes some phase separated area on the membrane, and these areas
of the membrane might not be capable of the PACSIN2 binding, thereby decreasing overall affinity
of PACSIN2 to the membrane and the increase in the packing defects did not contribute to the
binding of PACSIN2 to the membrane.

Next, the effect of tension on PACSIN2 F-BAR binding affinity to liposomes was
investigated by applying hypotonic tension in a range of minimal membrane rupture (Fig.13). The
application of the tension induced deeper packing defects on the membrane, which was confirmed
by the laurdan fluorescence for the POPC/POPS membrane. The cholesterol addition also increased
the packing defects, but the binding was not increased. Therefore, it might be from the packing
defect would not be sufficient to promote the membrane binding of PACSIN2 to the membrane. In
contrast, the tension-applied membrane with cholesterol did not have increase packing defects
compared to the non-tension applied membrane. Therefore, no difference in the PACSIN2 binding
to the membrane in the presence or absence of tension appears to be reasonable.

The morphology of liposomes was then examined by a transmission electron microscope
(TEM). The POPC/POPS/Cholesterol liposomes were deformed by PACSIN2 F-BAR domain into
‘the beads on the string” morphology, which might resemble the curvature of the flask-shaped
caveolae. This beads on the string morphology was previously reported also by using the bovine
brain Folch fraction, which contain cholesterol (Wang et al. 2009). In contrast, POPC/POPS
liposomes without cholesterol were deformed by PACSIN2 F-BAR domain into straight tubules.
Therefore, the change in the affinity of PACSIN2 to the membrane might induce the change in
morphology of the membrane. It is also possible that cholesterol in the membrane changes the
membrane deformability, thereby resulting in the different morphology of the liposomes in the
presence of PACSIN2.

The effect of cholesterol in altering binding affinity and remodeling activity of PACSIN2
appeared to be similar in the plasma membrane of HeLa cells expressing PACSIN2 F-BAR and
the full-length PACSIN2. Acute cholesterol depletion induced tubulation by PACSIN2 F-BAR and
PACSINZ2 in this cell. Such tubules contained caveolin-1, therefore suggesting that the removal of
caveolae upon cholesterol depletion was involved in their endocytosis. Together, these data suggest
that PACSIN2 deforms cholesterol-less membrane into tubular shape. However, in the presence of

cholesterol, PACSIN2 deforms the membrane into caveolar morphology.
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One of the possible mechanisms for the ability of cholesterol and tension to modulate
PACSIN2 membrane binding was the modulation of the hydrophobic loop insertion. Surprisingly,
the presence of cholesterol and tension did not change the depth of the loop insertion. Given that
the presence of cholesterol reduced the binding of PACSIN2 F-BAR to the liposomes whereas the
depth of the loop insertion remained unaltered, PACSIN2 F-BAR hydrophobic loops was
suggested to be inserted in the space without cholesterol, and the presence of cholesterol in between
the lipids might possibly inhibit the insertion. Because cholesterol increases the packing defects,
such space might not be the same as the space that previously recognized as packing defect in space
and time.

Some membrane proteins including caveolin-1 that have been reported to interact with
cholesterol possess cholesterol binding motif that allows them to bind cholesterol. The presence of
cholesterol in the membrane increases the binding of these proteins to this membrane (Fantini and
Barrantes, 2013; Rosenhouse-Dantsker, 2017). Caveolin-1, for example, is known to have
cholesterol recognition amino-acid consensus (CRAC) motif (Yang et al., 2014) and thus allow it
to be recruited to cholesterol-rich membrane. This motif is not found in PACSIN2 F-BAR domain.
Therefore, the reduced binding affinity of PACSIN2 in the presence of cholesterol might be
resulted from the lack of cholesterol binding motif in PACSIN2.

In caveolae, PC, PS, and cholesterol are the major phospholipids. PC is well known to be the
most abundant phospholipid that constitutes cell membrane, ranging from 41 to 57 mol % of the
total glycerophospholipids (Yang et al.,, 2018; van Meer et al. 2008). PC is also one of
phospholipids that are abundant in caveolae (Smart et al. 1999; Pike 2003; Huot et al. 2010). PS is
a negatively charged phospholipid which is important for the binding of PACSIN2 F-BAR through
the electrostatic interaction (Wang et al. 2009; Frost et al. 2009). Other important negatively-
charged phospholipids in caveolae are phosphatidylinositol 4-phosphate (P14P) and
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2). However, acute depletion of these lipids has
minimal impact on caveolae assembly, while PS was found to be essential for proper caveolae
formation and dynamics, and chronic reduction of PS resulted in a loss of caveolae (Hirama et al.
2017), which might suggest that phosphoinositides were not necessary for the reconstitution
experiments with PACSINZ. In addition, there is no specific binding pocket for P14P and PI1(4,5)P2
in PACSIN2 F-BAR domain, suggesting that the membrane binding of PACSINZ2 did not appear
to be specifically dependent on the particular negatively charged lipids like PI4P and PI1(4,5)P2
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(Dharmalingam et al. 2009). Phosphatidylethanolamine (PE) is also reported to be a major
phospholipid in caveolae (Hirama et al., 2017). However, we did not use PE in the reconstituted
membrane because PE did not contribute to the membrane binding of PACSIN2 F-BAR domain.
Fatty acids that mainly constitute caveolae are mono-unsaturated fatty acid, oleic acid
(C18:1) and saturated fatty acids of palmitic acid (C16:0) and stearic acid (C18:0) (Cai et al., 2013;
Huot et al., 2010). The percentage of these lipids were 32-41.7%, 24.1-38%, and 30%, respectively,
indicating that the oleic acid was combined with either of palmitic acid and stearic acid in the
phospholipids of the caveolae, because most of the phospholipids are known to have one saturated
fatty acid and one unsaturated fatty acid (Pettitt 2009; Goto-Inoue et al. 2013; Pham et al. 2019;
Skotland and Sandvig 2019; van Meer et al. 2008). Therefore, the lipids with palmitic acid (C16:0)
and oleic acid (C18:1) (PO lipids) appeared to be suitable for the phospholipids of reconstituted
membrane. We had not used the lipids with stearic acid because of the phospholipids of palmitic-
oleic and stearic-oleic did not appear to have significant different properties in term of lipid packing

for hydrophobic loop insertion (Pokorny et al. 2008).

C16:0 C18:1 C18:0 C18:1
(palmitic acid) (stearic acid)

Figure 24: lllustration of phospholipids containing palmitic-oleic acids (16:0-18:1) and stearic-oleic acids (18:0-18:1).
Stearic acid has longer carbon chain than palmitic acid.
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To investigate the effect of the phosphorylation of PACSIN2 that occurs upon tension
application to the cells in vitro, the phosphomimetic mutant of PACSIN2 (PACSIN2 S313E) was
compared with full-length PACSIN2 for their membrane binding. The binding of PACSINZ2 and
PACSIN2 S313E to POPC/POPS remained similar. Interestingly, the binding of PACSIN2 S313E
mutant to POPC/POPS/cholesterol was much weaker than that of PACSIN2. Therefore, the
phosphorylation at Serine 313 weakens the PACSIN2 binding to cholesterol-containing membrane,
which suggested the cholesterol is required for the removal of PACSIN2 from caveolae upon
tension application indirectly through phosphorylation (Fig.7).

In contrast to the phospholipids with one mono-unsaturated and one saturated fatty acid, the
lipids with both saturated and unsaturated fatty acids had different binding properties to PACSINZ2.
Phospholipids that contain oleic acid at both tails such as di-oleoyl (DO: 18:1-18:1) PC and PS
(DOPC and DOPS) did not exhibit the decrease in the binding upon the incorporation of cholesterol
(Fig. 21B). The absence of cholesterol dependency on PACSIN2 binding with di-oleoyl (DO) lipids
may be consistent with the previous studies reporting that cholesterol has strong tendency to escape
from bilayers composed of DO lipids (Ali et al., 2007; Niu and Litman, 2002). | also examined the
binding affinity of PACSIN2 F-BAR to DPPC/DPPS, di-palmitoyl (DP; 16:0-16:0) PC and PS,
and DPPC/DPPS/cholesterol. The binding affinity of PACSIN2 F-BAR to these liposomes was
much lower than to PO lipids, and the presence of cholesterol had no significant effect on the
binding (Fig. 21A). DP lipids are saturated fatty acids, therefore, induce the formation of tight lipid
packing, which inhibits the insertion of the hydrophobic loops of PACSIN2 F-BAR (Fig. 20) as

for the amphipathic helices that are inserted into the membrane (Bigay and Antonny, 2012).

4.2 The possible role of PACSIN2 for maintenance of cholesterol-rich caveolae

In this study, | found that the membrane binding of PACSINZ is negatively regulated by
cholesterol and independent of tension under membrane rupture. The neck of caveolae is the region
where the cholesterol concentration at caveolae starts to decrease. Therefore, PACSIN2
localization at the neck of caveolae is thought to have resulted from the lower binding of PACSIN2
to the cholesterol-containing membrane than the plasma membrane with lesser amount of
cholesterol. The analysis of PACSIN2 localization by using the cells with a decrease of plasma

membrane cholesterol supported the negative regulation of the membrane binding of PACSIN2 for
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caveolae maintenance. Therefore, PACSIN2 is suggested to remodel the membrane dependent on
cholesterol for caveolar morphology. The decrease in the affinity of PACSINZ2 in the membrane-
bindings presumably due to the decreased charge density of the membrane by the presence of
cholesterol, not by the alteration in the packing defects. In summary, this study has identified the
differential behaviors of PACSIN2 in remodeling of cholesterol-less membrane and cholesterol
containing-membrane. PACSIN2 deform POPC/POPS liposomes into tubules and
POPC/POPS/cholesterol liposomes into the beads on the string formation, which resemble
caveolae associated morphology. These differential activities are independent of tension. In cell,
PACSIN2 remodel cholesterol-less membrane into tubular shape. In contrast, without cholesterol,
PACSIN2 has been shown to be localized to the neck of caveolae (Senju et al. 2011; Hansen et al.
2011; Koch et al. 2012; Suetsugu and Gautreau 2012) (Fig. 25). Therefore, PACSIN2 is strongly
suggested to remodel caveolae membrane tubules dependently on the cholesterol content.

PACSIN2 PACSIN2
cholesterol
CAVEOLAE
(Cholesterol-containing
membrane)
TUBULE

(Cholesterol-less membrane)

4

Endocytosis?

Figure 25: PACSIN2 remodeling activity in cholesterol-less membrane and cholesterol-containing membrane
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