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Yeast Ivy1p Is a Putative I-BAR-domain Protein with pH-sensitive Filament
Forming Ability in vitro
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ABSTRACT. Bin-Amphiphysin-Rvs161/167 (BAR) domains mold lipid bilayer membranes into tubules, by
forming a spiral polymer on the membrane. Most BAR domains are thought to be involved in forming membrane
invaginations through their concave membrane binding surfaces, whereas some members have convex membrane
binding surfaces, and thereby mold membranes into protrusions. The BAR domains with a convex surface form a
subtype called the inverse BAR (I-BAR) domain or IRSp53-MIM-homology domain (IMD). Although the
mammalian I-BAR domains have been studied, those from other organisms remain elusive. Here, we found
putative I-BAR domains in Fungi and animal-like unicellular organisms. The fungal protein containing the
putative I-BAR-domain is known as Ivy1p in yeast, and is reportedly localized in the vacuole. The phylogenetic
analysis of the I-BAR domains revealed that the fungal I-BAR-domain containing proteins comprise a distinct
group from those containing IRSp53 or MIM. Importantly, Ivy1p formed a polymer with a diameter of
approximately 20 nm in vitro, without a lipid membrane. The filaments were formed at neutral pH, but
disassembled when pH was reverted to basic. Moreover, Ivy1p and the I-BAR domain expressed in mammalian
HeLa cells was localized at a vacuole-like structure as filaments as revealed by super-resolved microscopy. These
data indicate the pH-sensitive polymer forming ability and the functional conservation of Ivy1p in eukaryotic
cells.
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Introduction

The BAR-domain containing proteins (BAR proteins),
which form the BAR protein superfamily, mold amorphous
lipid bilayer membranes into defined tubular shapes by
their rigid protein folds (Daumke et al., 2014; Doherty and
McMahon, 2008; Suetsugu et al., 2014). The BAR domain
has a surface rich in positively charged amino-acid resi-
dues. The interaction of these positively charged amino-
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acid residues with the negatively charged membrane lipids
is thought to drive the generation or sensing of membrane
curvature. Three subtypes of BAR domains, the canonical
BAR, F-BAR, and I-BAR domains, are included in the
superfamily (Daumke et al., 2014; Doherty and McMahon,
2008; Suetsugu et al., 2014). The canonical BAR and F-
BAR domains are considered to be involved in forming
membrane invaginations, such as clathrin-coated pits and
caveolae (Daumke et al., 2014; Doherty and McMahon,
2008; Suetsugu et al., 2014). The canonical BAR and F-
BAR domains have a concave membrane binding surface,
which enables the formation of a spiral polymer on the sur-
face of the plasma membrane invagination or the mem-
brane tubulation of liposomes in vitro. An exception is the
F-BAR domains of srGAPs, which reportedly formed cellu-
lar protrusions upon overexpression (Guerrier et al., 2009;
Suetsugu and Gautreau, 2012). However, it remains unclear
whether the F-BAR domains of srGAPs contribute to the
protrusive membrane structures, because their crystal struc-
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tures have not been reported.
The I-BAR domains were initially characterized as the

IRSp53-MIM-homology domain (IMD). The I-BAR
domains have convex membrane-binding surfaces that cor-
respond to the inner surface of plasma membrane protru-
sions (Scita et al., 2008; Suetsugu et al., 2006). The convex
membrane-binding surface allows the I-BAR domain to
reside on the inner surface of the membrane tubule. The
I‑BAR domain also reportedly forms a spiral polymer on
the inner surface of the tubules, thereby promoting the
formation of membrane protrusions (Mattila et al., 2007;
Saarikangas et al., 2009).

Cellular protrusions are prominent in cells from multicel-
lular organisms, but are less frequently observed in unicel-
lular organisms. In this study, we extensively investigated
the amino-acid sequences in fungal genomes, and found
a putative I-BAR domain in Fungi, including the yeast
Saccharomyces cerevisiae.

Materials and Methods

Protein expression and purification

The DNA sequences encoding the full-length Ivy1p (1–453 aa)
and its I-BAR domain (87–325 aa) from the yeast S. cerevisiae
were cloned into the vectors pCold II (Takara), through the BamH
I and Sal I restriction sites, to include an N-terminal affinity tag
(His6). The Escherichia coli strain JM109 was transformed by the
expression plasmid, and the protein was overexpressed in LB
medium at 15°C. The harvested E. coli cells were re-suspended in
the buffer, containing 20 mM Tris-HCl (pH 7.5), 0.5 M NaCl, 0.5
M MgCl2, 20% glycerol, 1 mM 2-mercaptoethanol, and 1 mM
phenylmethanesulfonyl fluoride (PMSF), and were disrupted with
an ultrasonic homogenizer. The lysate was centrifuged, and the
solubility of the proteins was analyzed. The His6-tagged full-
length Ivy1p was purified for in vitro analyses. The supernatant of
the lysate was loaded on a Ni-Sepharose 6 Fast Flow column (GE
Healthcare). The column was extensively washed with buffer con-
taining 20 mM Tris-HCl (pH 8.5), 0.7 M NaCl, 20 mM imidazole,
and 1 mM PMSF. And the protein was eluted with the buffer con-
taining 20 mM Tris-HCl buffer (pH 8.5) and 0.7 M NaCl supple-
mented with 0.8 M imidazole, with the overall pH 9.5, resulting in
the “purified Ivy1p”.

Gelation of Ivy1p

Purified Ivy1p (16.9 μM) were dialyzed in PBS (pH 7.4) contain-
ing 10 mM 2-mercaptoethanol and 0.2 mM PMSF, and then the
gelation was examined by pelleting after centrifugation at
20,400×g for 5 min. For resolubilization of the gelled filaments,
the pellet was re-suspended in PBS containing 0.6 M imidazole or
0.1 M Tris (the final pH values are 9.0 and 9.5, respectively),
incubated at room temperature for 20 mins, and then analyzed by
centrifugation. The pH was monitored by pH indicator paper.

Electron microscopy

The purified Ivy1p (16.9 μM) or its filaments Ivy1p after dialysis
in PBS was diluted in 10-fold in PBS for observing filaments,
while the purified Ivy1p (16.9 μM) was diluted in 10 mM Tris
without pH adjustment for observing solubilized Ivy1p. The high
concentrations of NaCl, imidazole and Tris prevent the observa-
tion under EM by negative staining. These Ivy1p solutions were
applied to glow-discharged collodion- and carbon-coated copper
grids for 1 min, which were washed in 100 mM Hepes-NaOH (pH
7.9). The grids were then negatively stained with 0.5% uranyl ace-
tate for 1 min. At each step, excess solution was removed with a
filter paper. The dried grids were examined using an electron
microscope.

HeLa cell culture

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium,
supplemented with 10% fetal bovine serum (Senju et al., 2011).
Transfection was performed with the Lipofectamine LTX and
PLUS reagents (Invitrogen), according to the manufacturer’s rec-
ommendations, and cells were observed using a confocal micro-
scope (Olympus FV1000D).

Super resolved microscopy

The stochastic optical reconstruction microscopy (STORM) setup
was obtained from Nikon, which was developed based on previ-
ous reports (Bates et al., 2007; Huang et al., 2008). The nanobody
against GFP was purified and labeled with Alexa 647 according to
the manufacturer’s instruction (Katoh et al., 2015; Ries et al.,
2012). Cells were cultured on glass-bottomed dishes, and were
fixed in 3% paraformaldehyde+0.1% glutaraldehyde (electron
microscopy grade) in HEPES-buffered saline for 10 min, blocked
in blocking buffer (3% BSA+0.2% Triton X-100 in PBS) for 1 hr,
and then stained with 0.14 μg/ml Alexa647-labelled nanobody in
blocking buffer for 1 hr. After washing with PBS, the cells were
observed. During STORM observation, the cells were with 0.1 M
cystamine. Forty thousands of images were acquired continuously
with 647 nm laser and each single molecule localization was ana-
lyzed with the software provided by Nikon.

Results

Identification of putative I-BAR proteins in Fungi

The BAR domains of the superfamily proteins lack amino-
acid sequence similarity. For example, the canonical BAR
and I-BAR domains have approximately 250 amino-acid
residues, whereas the F-BAR domains have approximately
300 amino-acid residues. The basic local alignment search
tool (BLAST) (Altschul et al., 1997) used with the standard
setting does not readily find any I-BAR or F-BAR proteins,
using the amino-acid sequence of a canonical BAR domain,
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such as that of amphiphysin. The BLAST search using the
I-BAR domains of mammalian IRSp53 and MIM did not
detect any I-BAR proteins in Fungi.

The I-BAR domain was first described in mammals.
Mammals belong to the Animalia/Metazoa kingdom,
within the Eukaryota domain (Adl et al., 2012; Cavalier-
Smith, 2009; Shalchian-Tabrizi et al., 2008). In the Eukar-
yota domain, the Animalia, Choanoflagellates, Filasterea,
Ichthyosporea, Fungi, and Nucleariidae kingdoms form a
broader group called the Opsithokonts (Maddison and
Schulz, 2009; Maddison et al., 2007), in which the Ani-
malia, Choanoflagellates, and Filasterea are relatively close
to each other. We expected that the I-BAR-domain contain-
ing proteins (I-BAR proteins) from Filasterea and Choano-
flagellates could be useful to search for fungal I-BAR
proteins. However, no I-BAR protein was identified in
these groups.

Therefore, we first searched the I-BAR proteins of Cap-
saspora owczarzak from Filasterea (Suga et al., 2013) and
Salpingoeca rosetta from Choanoflagellates (Fairclough et
al., 2013), which are both animal-like, unicellular organ-
isms. By a BLAST search using human MIM as a query,
four putative I-BAR proteins (RefSeq IDs:
XP_004365908.1, XP_004349890.2, XP_004363741.1,
XP_004365185.1) were found in Capsaspora owczarzak,
with E values of 5e-24, 2e-21, 1e-08, and 9e-05, respec-
tively. Using the I-BAR-containing region (residues 1–280)
of XP_004365908.1 as a query, a protein from the fungus
Colletotrichum graminicola (RefSeq ID: XP_008096771.1)
was detected, with an E-value of 1e-05.

The conserved domain search tool from NCBI
(Marchler-Bauer et al., 2015) predicted the presence of a
BAR domain (residues 58–210) in the fungal protein
XP_008096771.1, suggesting that this protein is a putative
I-BAR protein. A further BLAST search on fungal proteins
revealed that this protein is conserved in Fungi, including
Zygosaccharomyces rouxii, Ogataea parapolymorpha,
Yarrowia lipolytica, Ustilago maydis, Cryptococcus gattii,
Schizophyllum commune, Laccaria bicolor, and S. cerevi-
siae (Fig. 1A). The orthologue in S. cerevisiae was named
Ivy1p, and was already known to be localized at vacuole
and to bind phospholipids, without strong specificity to par-
ticular phospholipids (Lazar et al., 2002).

Phylogenic analyses of the I-BAR proteins

We performed a phylogenic analysis to compare the puta-
tive I-BAR domain of Ivy1p to other I-BAR domains, using
the Clustal X program (Fig. 1A and Fig. 2). Based on the
amino-acid sequence homology of the I-BAR domain
regions, the I-BAR proteins are divided into three groups:
the IRSp53 I-BAR, MIM I-BAR, and fungal I-BAR groups
(Fig. 1A). The IRSp53 I-BAR group only consists of
animal I-BAR proteins, including three vertebrate paralo-
gues, IRSp53/BAIAP2, IRTKS/BAIAP2L1, and Pinkbar/

BAIAP2L2, and related proteins from other animals, such
as insects and the simple multicellular organism Trichoplax
adhaerens (Fig. 1A). The MIM I-BAR group has two verte-
brate paralogues, MIM/MTSS1 and ABBA-1/MTSS1L,
and closely related proteins from other animals. Interest-
ingly, the members of Amoebozoa, including Dictyostelium
discoideum, Dictyostelium purpureum, and Polysphondy-
lium pallidum, do not belong to the Opsithokonts, but their
I-BAR proteins belong to the MIM I-BAR group. The I-
BAR proteins of Capsaspora owczarzak from Filasterea
and Salpingoeca rosetta from Choanoflagellates also
belong to the MIM I-BAR group (Fig. 1A). In contrast,
the fungal I-BAR group only consists of fungal proteins
(Fig. 1A).

In the alignment, the most important amino-acid residues
for lipid binding, such as K146 and K147 of human IRSp53
(Suetsugu et al., 2006), appeared to be mostly conserved as
basic-charged amino-acid residues in fungal I-BAR
domains (Fig. 2). Furthermore, secondary structure predic-
tion indicates similar helix compositions of fungal I-BAR
domains compared to those of the other known I-BAR
domains (Fig. 2).

We then compared the amino-acid sequences of the I-
BAR domains of these three groups to those of the canoni-
cal BAR and F-BAR domains (Fig. 1B). The fungal I-BAR
protein Ivy1p is not present on any branches of the canoni-
cal BAR and F-BAR proteins, and is relatively closer to the
known I-BAR proteins. Thus, the fungal I-BAR protein
may represent a new subtype of the BAR protein superfam-
ily that is closer to IRSp53 and MIM.

Domain architecture of the I-BAR proteins

We examined the domain architecture of these I-BAR pro-
teins, using the Simple Modular Architecture Research
Tool (SMART) (Fig. 3) (Letunic et al., 2015). The fungal
I‑BAR proteins do not have any other putative domains,
based on the SMART analysis. However, the IRSp53 I-
BAR group proteins contain an SH3 domain. The SH3
domains from the BAR superfamily proteins often bind to
the proline-rich regions of WASP family proteins and dyna-
min, which function in actin polymerization and membrane
scission (Takenawa and Suetsugu, 2007). The domain
architectures of the MIM I-BAR group proteins are hetero-
geneous. The I-BAR proteins from Amoebozoa contain an
SH3 domain, while some proteins in the Animal kingdom
contain the WH2 domain, which is a ~35 residue actin
monomer binding motif (Paunola et al., 2002). Several
MIM I-BAR group proteins have no other domain. How-
ever, because the amino-acid conservation in WH2 domain
is weak, it is possible that the SMART search could not
find potential WH2 domains (Paunola et al., 2002). Only
the protein from Polysphondylium pallidum (EFA83649.1)
contains the membrane-binding domain (Pfam ID:
PF14564) found in calcium-dependent cell adhesion mole-
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Fig. 1. Phylogenetic analysis of I-BAR proteins. (A) The amino-acid sequences of the I-BAR domain containing regions of Ivy1ps, known I-BAR
proteins, and putative I-BAR proteins from animal-like unicellular organisms were compared to make a phylogenic tree, using the Clustal X program
(Larkin et al., 2007). (B) Fungal I-BAR proteins, amoeba I-BAR proteins, and representative human and S. cerevisiae BAR proteins were compared. The
amino-acid sequences of their BAR, I-BAR, and F-BAR domains were used to make the phylogenic tree.
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Fig. 2. Sequence alignment of I-BAR domains. The amino-acid sequences of representative I-BAR domains were aligned by Clustal X program (Larkin
et al., 2007), followed by revision based on the reported crystal structures of IRSp53 (Millard et al., 2007; Suetsugu et al., 2006), Pinkbar/BAIAP2L2
(Pykalainen et al., 2011), MIM (Lee et al., 2007), and IBARa (Linkner et al., 2014). The alignment was exhibited by using BoxShade program. The
secondary structure of S. cerevisiae Ivy1p was predicted by Psipred program (Buchan et al., 2013) and illustrated along with the sequences. The cylinders
represent helices and no β sheet was found in the prediction. The secondary structures of known I-BAR domains, generated from their crystal structures,
are also shown for comparison.
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Fig. 3. Domain composition of proteins with I-BAR domains. The domains were predicted by SMART (Letunic et al., 2015). The bar indicates the
length of 100 amino-acid residues.
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cule 1 (P54657) of Dictyostelium discoideum, which has an
immunoglobulin-like fold that tethers the protein to the cell
membrane (Lin et al., 2006).

Polymer formation of Ivy1p

We examined the characteristics of the fungal I-BAR pro-
tein, using the S. cerevisiae Ivy1p. We expressed the I-
BAR-domain containing fragment (87–325 aa) and the full-
length Ivy1p (1–453 aa) in E. coli (Fig. 4A). Since the
His6‑tagged I-BAR domain fragment was present in the
insoluble fraction, we could not purify this fragment (Fig.
4B). In contrast, the His6-tagged full-length Ivy1p was
expressed and solubilized (Fig. 4B). The His6-tagged Ivy1p
was successfully purified by elution with imidazole from a
nickel affinity column. Interestingly, when dialyzed against
PBS or diluted in PBS, Ivy1p turned to be gelatinous, and
was observed as a precipitate after centrifugation (Fig. 4C).

To determine whether the gelled protein was generated
by aggregation or polymer formation, the purified protein
and the gelled protein was observed by electron microscopy
after negative staining with uranium acetate (Fig. 4D and
E). The results revealed that the gelled protein did not
result from protein aggregation, but was the product of fila-
mentous polymer formation (Fig. 4E), whereas the protein
appeared to be purified as monomers or small oligomers,
which we could not be distinguished by the electron micro-
scopic analysis (Fig. 4D). The diameter of the Ivy1p poly-
mer was approximately 20 nm (Fig. 4F).

We then speculated that the lowering pH from basic to
neutral induced the gelation. If this hypothesis is correct,
then the polymer formation was supposed to be sensitive to
pH. Then we added elevated the pH of buffer containing
the gelled Ivy1p. Elevation of the pH to basic conditions by
adding higher concentration of imidazole or Tris reverted
the gelation and resolubilized Ivy1p, observed as the
protein in the supernatant after centrifugation (Fig. 4C).
Therefore, the filaments polymer formation of Ivy1p is
dependent on pH and reversible.

The intracellular localization of Ivy1p in HeLa cells

Ivy1p is known to function in the vacuole in S. cerevisiae.
To examine the conservation of the function, we expressed
Ivy1p as a GFP-fusion protein in HeLa cells. The promi-
nent localization of Ivy1p in the vacuole-like structure was
observed (Fig. 5). The I-BAR domain alone fused with
GFP was localized similarly in HeLa cells, whereas such
localization was not observed with GFP alone, indicating
that the I-BAR domain was responsible for vacuole locali-
zation (Fig. 5). To examine the filament formation of
Ivy1p, GFP-Ivy1p was observed using STORM, where
GFP was labeled with nanobody conjugated with
Alexa647. The Alexa647 signals were stochastically
obtained to reconstitute the super-resolved images of GFP-

Ivy1p localization (Fig. 6). The reconstituted images indi-
cated the filamentous structure of the expressed Ivy1p and
its I-BAR domain around the vacuole-like structures.

Discussion

The I-BAR domain was first characterized as a subtype of
the BAR domain (Mattila et al., 2007; Suetsugu et al.,
2006). The I-BAR proteins IRSp53 and MIM localize at
filopodia through their I-BAR domains, but membranes
with the same topology are also found among intracellular
membranes, such as those of vacuole. Interestingly, the
Dictyostelium discoideum I-BAR protein, IBARa, was
reported to be localized at the vacuole (Linkner et al.,
2014), while IBARa is also found at the leading edge and
protrusions (Linkner et al., 2014; Veltman et al., 2011). The
fungal I-BAR protein, Ivy1p, localizes at the vacuole, and
the localization depends on the interaction of Ivy1p with
phosphoinositides and the small GTPase Ypt7 (Arlt et al.,
2011; Lazar et al., 2002; Numrich et al., 2015). These
observations might suggest that the cellular protrusions in
multicellular organisms share some characteristics with
vacuole, one of the largest intracellular membrane compart-
ments.

At present, five mammalian I-BAR proteins, IRSp53/
BAIAP2, IRTKS/BAIAP2L1, PinkBAR/BAIAP2L2, MIM/
MTSS1, and ABBA/MTSS1L (Scita et al., 2008), have
been identified. However, none of them has been reported
as being localized at an intracellular membrane. Therefore,
it is interesting that Ivy1p was localized at the intracellular
membrane in HeLa cells, as shown in Fig. 5, suggesting
that some other hidden I-BAR-like proteins function in
forming the intracellular membranes of mammalian cells.

The formation of BAR domain polymers was reported in
several BAR and F-BAR proteins, such as FBP17, CIP4,
and endophilin (Frost et al., 2008, 2009; Itoh et al., 2005;
Shimada et al., 2007). These polymers were considered to
be formed on the lipid membrane. Without the lipid mem-
brane, the polymer of the BAR domain alone was observed
by electron microscopy (Itoh et al., 2005). However, this
observation was not associated with the gelation of the pro-
tein, and thus the polymer formation may require some sup-
portive materials, such as the collodion film (a kind of
plastic) used for the preparation of electron microscopy
sample grids. Recently, the formation of an Ivy1p polymer
on the surface of giant liposomes was reported (Numrich et
al., 2015). In this study, we showed that Ivy1p polymerizes
without any membrane support. The diameter of the Ivy1p
filaments was approximately 20 nm, which is similar to the
length of the longer axis of the I-BAR domains of IRSp53,
Pinkbar/BAIAP2L2, and MIM, which are approximately
18–20 nm (Pykalainen et al., 2011). It is still possible that
the N- and/or C-terminal regions of Ivy1p are required for
filament formation, because we could not purify the Ivy1p
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Fig. 4. Formation of Ivy1p polymers in vitro. (A) Domain compositions of the full-length and I-BAR-domain containing fragment of Ivy1p used in this
study. (B) Solubility of Ivy1p. The His6-tagged I-BAR-domain containing fragment and full-length Ivy1p were expressed in E. coli, and the solubility of
the proteins in the lysate was analyzed. The total lysate and the supernatant of the lysate were monitored by SDS-PAGE. (C) Gelation of the purified
Ivy1p. The gelled Ivy1p was generated by dialyzing the purified protein against PBS. The gelled Ivy1p precipitate after centrifugation was re-suspended in
PBS containing 0.6 M imidazole or 0.1 M Tris (the final pH values are 9.0 and 9.5, respectively), and analyzed again by centrifugation. The supernatant
(sup) and precipitate (ppt) of the sample were analyzed by SDS-PAGE. (D) Negative-stained images of soluble Ivy1p. The purified Ivy1p before dialysis
was suspended in 10 mM Tris without pH adjustment. (E) Negative-stained images of filamentous Ivy1p. The purified Ivy1p was suspended in PBS. (F)
Higher magnification images of Ivy1p filaments.
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Fig. 5. Localization of Ivy1p in HeLa cells. The cellular localization of GFP-Ivy1p, GFP-Ivy1p-I-BAR, and GFP in HeLa cells, 24 hrs after transfection.
The localization was observed by GFP fluorescence using confocal microscopy.

Fig. 6. Localization of Ivy1p in HeLa cells using super resolution microscopy. The cellular localization of GFP-Ivy1p and GFP-Ivy1p-I-BAR in HeLa
cells, 24 hrs after transfection were observed by total internal reflection microscopy (TIRF) followed by super-resolution microscopy (STORM).
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I-BAR domain alone. However, the STORM observation
strongly indicates the filament forming ability of the I-BAR
domain fragment (Fig. 6), and thus the inability to purify
the I-BAR domain is supposed to be due to strong ability to
form the filaments, which could be insoluble.

In this study, we found that the filament formation of
Ivy1p depends on pH, where neutralization from basic con-
dition induces filament formation whereas basic condition
disassembles the filaments. Currently, it is totally unclear
on the cellular role of the pH-dependent filament formation
of Ivy1p. Because Ivy1p appears to be localized at cyto-
plasmic surface of vacuole, the environmental pH sur-
rounding Ivy1p is considered to be neutral, though the
actual pH around vacuole was unclear. It is possible that if
vacuole raptures and the pH around vacuole might change,
where acidification of the cytosol might induce the forma-
tion of Ivy1p filaments. Taken together, this study opens
the possibility that some BAR proteins may function as
polymer filaments that associate with intracellular mem-
brane systems.
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