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ABSTRACT F-BAR proteins are membrane-associated proteins believed to link the plasma
membrane to the actin cytoskeleton in cellular processes such as cytokinesis and endocytosis.
In the budding yeast Saccharomyces cerevisiae, the F-BAR protein Hof1 localizes to the divi-
sion site in a complex pattern during the cell cycle and plays an important role in cytokinesis.
However, the mechanisms underlying its localization and function are poorly understood.
Here we show that Hof1 contains three distinct targeting domains that contribute to cytoki-
nesis differentially. The N-terminal half of Hof1 localizes to the bud neck and the sites of po-
larized growth during the cell cycle. The neck localization is mediated mainly by an interaction
between the second coiled-coil region in the N-terminus and the septin Cdc10, whereas the
localization to the sites of polarized growth is mediated entirely by the F-BAR domain. In
contrast, the C-terminal half of Hof1 interacts with Myo1, the sole myosin-Il heavy chain in
budding yeast, and localizes to the bud neck in a Myo1-dependent manner from the onset to
the completion of cytokinesis. We also show that the SH3 domain in the C-terminus plays an
important role in maintaining the symmetry of Myo1 ring constriction during cytokinesis and
that Hof1 interacts with Chs2, a chitin synthase that is required for primary septum formation.
Together these data define a mechanism that accounts for the localization of Hof1 during the
cell cycle and suggest that Hof1 may function in cytokinesis by coupling actomyosin ring
constriction to primary septum formation through interactions with Myo1 and Chs2.
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INTRODUCTION

Cytokinesis in animal and fungal cells requires the function and
spatiotemporal coordination of a cortical actomyosin ring (AMR)
and targeted membrane deposition (Balasubramanian et al., 2004;
Barr and Gruneberg, 2007; Pollard, 2010). The AMR is believed to
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generate a contractile force that powers the ingression of the plasma
membrane (PM). At the same time, targeted exocytosis is believed
to increase cell-surface area and deliver enzymatic cargoes for local-
ized extracellular matrix (ECM) remodeling during cytokinesis.
Although numerous components have been implicated in cytokine-
sis, the molecular mechanisms underlying their specific functions are
largely unknown.

In the budding yeast Saccharomyces cerevisiae, efficient cytoki-
nesis requires the coordinated actions of the AMR and septum for-
mation (Wloka and Bi, 2012). The AMR consists of actin filaments
and the sole myosin-Il heavy chain Myo1. Although cells lacking
Myo1 are viable in most strain backgrounds, they do display exten-
sive defects in cytokinesis and cell separation (Watts et al., 1987;
Rodriguez and Paterson, 1990; Bi et al., 1998; Lippincott and Li,
1998a). AMR constriction is followed by the centripetal growth of a
primary septum (PS) that is catalyzed by the chitin synthase Il Chs2.
Chs2 is a transmembrane cargo whose expression, localization,
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and activation at the division site are elaborately regulated by exo-
cytic machinery (Chuang and Schekman, 1996; VerPlank and Li,
2005) and cell cycle kinases and phosphatases, including CDK1
and the kinases (Cdc5, Cdc15, Dbf2, and Dbf20) and phosphatase
(Cdc14) of the mitotic exit network (MEN; Zhang et al., 2006; Teh
et al., 2009; Chin et al., 2011; Oh et al., 2012). Defects in PS forma-
tion cause asymmetric AMR constriction and severe defects in cy-
tokinesis (Bi, 2001; Schmidt et al., 2002; VerPlank and Li, 2005;
Nishihama et al., 2009). Several proteins, including Mlc1 (the es-
sential light chain for Myo1 [Luo et al., 2004] and also a light chain
for myosin-Vs [Myo2 and Myo4 in budding yeast; Stevens and
Davis, 1998] and IQGAP [Iqg1; Boyne et al., 2000; Shannon and Li,
2000]), Iqg1 (Epp and Chant, 1997; Lippincott and Li, 1998a), Inn1
(a C2 domain- and PXXP motif-containing protein; Sanchez-Diaz
et al., 2008; Nishihama et al., 2009; Meitinger et al., 2010), Cyk3
(a transglutaminase-like protein; Korinek et al., 2000; Nishihama
et al., 2009; Meitinger et al., 2010), and Hof1 (an F-BAR protein
that is the focus of this study; Kamei et al., 1998; Lippincott and Li,
1998b; Vallen et al., 2000; Meitinger et al., 2010) have been impli-
cated in AMR-PS coordination during cytokinesis, but the underly-
ing mechanisms are poorly understood.

Septins are filament-forming, GTP-binding proteins that are con-
served from yeast to humans (Weirich et al., 2008, McMurray and
Thorner, 2009; Oh and Bi, 2011). The five mitotic septins in budding
yeast (Cdc3, Cdc10, Cdc11, Cdc12, and Shs1) form two octameric
complexes (Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cde3-Cde12-Cdce1
and Shs1-Cdc12-Cdc3-Cdc10-Cdc10-Cde3-Cdc12-Shs1) that pro-
mote linear filament and ring assembly in vitro, respectively (Garcia
etal., 2011). Septin filaments are organized into an hourglass struc-
ture at the bud neck before cytokinesis. This structure is triggered by
the MEN to split into two cortical rings that sandwich the AMR dur-
ing cytokinesis (Lippincott et al., 2001). Septins play at last two dis-
tinct roles in cytokinesis in budding yeast. Before the onset of cytoki-
nesis, the septin hourglass acts as a scaffold required for AMR
assembly (Bi et al., 1998; Lippincott and Li, 1998a). During cytokine-
sis, the septin double ring is believed to act as a diffusion barrier
(Dobbelaere and Barral, 2004) and shares an essential role with the
AMR in restricting cytokinesis factors to the division site (Wloka
et al., 2011). Thus septins are required for AMR function, as well as
for PS formation. Nearly all bud neck-localized proteins depend on
septins for their localization (Gladfelter et al., 2001), but in most
cases how septins interact with these associated proteins is not well
understood.

Like most F-BAR proteins, Hof1 contains an F-BAR domain at its
N-terminus and an SH3 domain at its C terminus (Heath and Insall,
2008; Suetsugu et al., 2010). F-BAR proteins are generally involved
in clathrin-mediated endocytosis by coupling the PM to the actin
cytoskeleton (Itoh et al., 2005; Tsujita et al., 2006; Shimada et al.,
2007). The F-BAR domain forms a banana-shaped dimer that tubu-
lates the PM by interacting with phospholipids such as phosphati-
dylserine and phosphatidylinositol 4,5-bisphosphate, whereas the
SH3 domain interacts with N-WASP and dynamin, which promote
Arp2/3-nucleated actin polymerization and membrane scission dur-
ing endocytosis. Unlike these F-BAR proteins, Hof1 functions in cy-
tokinesis. It localizes to the division site in a complex pattern during
the cell cycle (Lippincott and Li, 1998b; Vallen et al., 2000). Specifi-
cally, Hof1 localizes to the bud neck, preferentially at the mother
side, from S/G2 to anaphase in a septin-dependent manner. Around
the onset of cytokinesis, Hof1 briefly localizes to both sides of the
bud neck with nearly equal intensity and then associates with the
AMR between the septin rings during cytokinesis. The switch in
Hof1 localization from septin-based structures to the AMR appears
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to be correlated with its peak phosphorylation during the cell cycle
(Vallen et al., 2000), which is catalyzed by several kinases, including
CDK1 (Cdc28), Cdc5 (Polo kinase), and Dbf2/Dbf20-Mob1
(Meitinger et al., 2011). After cytokinesis, a fraction of Hof1 lingers
at the division site momentarily before its full disappearance. The
reduction of Hof1 at the division site during and after cytokinesis is
carried out by ubiquitin-mediated proteasomal degradation in G1,
which depends on the PEST sequence of Hof1 (Blondel et al., 2005).
Deletion of HOF1 causes temperature-sensitive growth, with cells
arrested in cytokinesis at the nonpermissive temperature (Kamei
et al., 1998; Lippincott and Li, 1998b; Vallen et al., 2000). In addi-
tion, deletion of HOF1 does not appear to affect AMR assembly
(Vallen et al., 2000) but does cause asymmetric PS formation
(Meitinger et al., 2011). Furthermore, hof1A and myo1A are syn-
thetically lethal (Vallen et al., 2000). Taken together, these observa-
tions suggest that Hof1 may function in cytokinesis by coupling the
AMR to PS formation. Despite the progress made in understanding
Hof1, the molecular mechanisms underlying its complex localiza-
tion pattern during the cell cycle and its potential involvement in
the AMR-PS coupling during cytokinesis are unknown.

In this study, we show that Hof1 contains three distinct targeting
domains that are differentially required for cytokinesis. Hof1 targets
to the division site before cytokinesis by interacting with septins and
during cytokinesis by interacting with Myo1. In addition, Hof1 is in-
volved in the AMR-PS coordination during cytokinesis, at least in
part, by interacting with both Myo1 and Chs2 directly.

RESULTS
The N- and C-terminal halves of Hof1 play distinct roles
in cytokinesis
To determine how Hof1 is involved in cytokinesis, we performed
a structure—function analysis. Hof1 was divided into halves: the
N-terminal half (Hof1-N-term; 1-340), containing the conserved
pombe Cdc15 homology (PCH) sequence and coiled-coil (CC1 and
CC2) regions, and the C-terminal half (Hof1-C-term; 341-669), con-
taining the PEST sequence and Src homology 3 (SH3) domain
(Figure 1A). Because the PEST sequence is known to mediate Hof1
degradation during and after cytokinesis (Blondel et al., 2005) and
the SH3 domain interacts with Inn1, a protein required for PS forma-
tion during cytokinesis (Nishihama et al., 2009), we also generated
hof1 alleles lacking the coding sequences for these protein motifs
(Hof1-PESTA; Hof1-SH3A) to assess their roles in cytokinesis.
Centromere-based, LEU2-marked plasmids carrying different
HOFT1 alleles (see foregoing) under the control of the HOF1 pro-
moter were introduced into a host strain containing hof14, cyk3A,
and a URA3-marked cover plasmid carrying wild-type HOF1. CYK3
encodes a protein that shares an essential role with Hof1 in cytoki-
nesis, as hof1A and cyk3A are synthetically lethal with cells arrested
in cytokinesis (Korinek et al., 2000). Thus any HOFT1 allele that en-
ables the host strain to form colonies on plates containing 5-fluoro-
orotic acid (5-FOA), which selects against the presence of the cover
plasmid (or Ura* cells), would be deemed functional in cytokinesis
(Figure 1B). As expected, the plasmid carrying the full-length HOFT,
but not the empty vector, complemented the hof1A cyk3A mutant.
Hof1 lacking either the PEST sequence or the SH3 domain also
complemented the double mutant, suggesting that these sequence
motifs are not essential for Hof1 function. However, these results do
not rule out the possibility that the PEST sequence and the SH3
domain may play some nonessential but nevertheless important
regulatory roles. Of interest, Hof1-C-term consistently comple-
mented the double mutant, albeit to a much lesser degree than
full-length HOF1; in contrast, Hof1-N-term completely failed to

Molecular Biology of the Cell



.
D)
A F-BAR (1-275) C s & & %y‘?
~N ) ~
o7 119 200 300 333 418438 602 665 N
o 7N
G S FLEsd
C-term (341-669) S N < [N
ol A i
Vector
HOF1 Hof1*-GFP
hof1-N-term
hof1-C-term oRR e i i
7_
hof1-SH3A
hof1-PESTA .- oo
i i
5-FOA
D Hof1*-GFP / Cdc3-mCherry E

Hof1-FL

[e2]
o

Hof1-N-term

Hof1 C-term-GFP

the Bud neck / Total (%)
N D
==} o

Hof1*-GFP intensity at

o

Hof1-C-term

FIGURE 1: Hof1-N-term and Hof1-C-term display distinct localization patterns during the cell
cycle and are differentially required for cytokinesis. (A) Schematic diagram of Hof1 in budding
yeast. All major domains, motifs, and conserved sequences are indicated. (B) Differential roles of
different Hof1 domains or motifs in cytokinesis. Tenfold serial dilutions of the hof1A cyk3A
[PRS316-HOF1] strains (YEF4970, YEF4966, YEF4945, YEF4949, YEF4944, and YEF 4948)
carrying plasmids harboring different truncated alleles of HOF1 expressed from the HOF1
promoter were spotted onto either SC-URA or 5-FOA plate and incubated for 5 d at 25°C.

(C) Comparable expression levels for different Hof1 fragments. The hof1A strains (YEF4909,
YEF4551, YEF4554, YEF4913, YEF4552, and YEF4911) carrying plasmids expressing different
GFP-Hof1 fragments from the HOF1 promoter were grown to exponential phase in SC-LEU at
25°C, and the corresponding cell lysates were analyzed by Western blots using an anti-GFP (top)
or an anti-Cdc28 antibody (bottom, as a loading control). Note that the full-length Hof1 was
difficult to extract from an insoluble fraction. (D) Distinct localization patterns conferred by
Hof1-N-term and Hof1-C-term. Cells of the hof1A CDC3-mCherry strains (YEF5479, YEF5421,
and YEF5423) carrying centromere-based plasmids expressing different Hof1 fragments
(Hof1-GFP, Hof1-N-term-GFP, and Hof1-C-term-GFP) from the HOF1 promoter were grown to
exponential phase in SC-LEU media at 25°C and then analyzed with time-lapse microscopy.
Scale bar, 2 pm. (E) Targeting efficiencies of Hof1-C-term vs. the full-length protein. The signal
ratios of Hof1-GFP (n = 11) and Hof1-C-term-GFP (n = 11) at the bud neck vs. the whole cell
before the septin-hourglass splitting were quantified. Error bars, SDs.

the HOF 1 promoter in hof1A cells, displayed
distinct patterns of localization during the
cell cycle. Hof1-N-term-GFP always associ-
ated with septin structures at the bud neck
throughout the cell cycle (Figure 1D, mid-
dle, and Supplemental Video S1, middle;
also see later discussion of Figure 4D, left).
Its apparent colocalization with the old sep-
tin ring in G1 cells is presumably caused by
the lack of PEST sequence-mediated deg-
radation (Figure 1D, middle, O min; the old
septin ring is always larger in diameter than
the subsequently assembled new septin
ring at the presumptive bud site; Blondel
et al., 2005). A fraction of Hof1-N-term-GFP
also localized to the bud cortex during the
early stage of budding. In addition,
Hof1-N-term-GFP localized as a broad band
between the septin rings during cytokinesis
(see Figure 4D, left, cell 4). These data sug-
gest that Hof1-N-term has the capacity to
interact with septins or septin-associated
proteins, as well as with some factors associ-
ated with the bud cortex or the bud neck.

Strikingly, Hof1-C-term-GFP localized to
the bud neck shortly before the splitting of
the septin hourglass into two cortical rings
(Figure 1D, bottom, and Supplemental
Video S1, bottom)—a cellular event that
marks the onset of mitotic exit and cytokine-
sis (Lippincott et al., 2001)—and then con-
stricted like the full-length protein. Immedi-
ately after cytokinesis, Hof1-C-term-GFP
disappeared from the bud neck. This local-
ization profile is consistent with its functional
requirement in cytokinesis (Figure 1B). Of
importance, 64% of the total Hof1-GFP sig-
nal was localized at the bud neck 2-4 min
before cytokinesis; in contrast, only 10% of
the total Hof1-C-term—-GFP was observed at
the bud neck at the same cell cycle stage
(Figure 1E). This result suggests that the N-
terminus of Hofl can greatly facilitate the
accumulation of Hof1 at the bud neck. Taken
together, these data indicate that the two
halves of Hofl play distinct roles in
cytokinesis.

complement, even though both alleles were expressed at compa-
rable levels (Figure 1C). These data suggest that the C-terminal half
of Hof1 is more critical for cytokinesis, whereas the N-terminal half
makes an important yet undefined contribution to the same
process.

To explore how Hof1-N-term and Hof1-C-term contribute to cy-
tokinesis differently, we determined their localization by time-lapse
microscopy. As reported previously (Lippincott and Li, 1998b; Vallen
et al., 2000), full-length Hof1-green fluorescent protein (GFP) began
its localization at the mother side of the bud neck during S/G2
phase, became equalized in intensity at both sides of the bud neck
shortly before cytokinesis, and finally associated with the AMR dur-
ing cytokinesis (Figure 1D, top, and Supplemental Video S1, top). In
contrast, Hof1-N-term-GFP and Hof1-C-term-GFP, expressed from
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The N-terminus of Hof1 localizes to the bud neck and binds
to septin complexes in a Cdc10-dependent manner

The localization profile of Hof1-N-term during the cell cycle sug-
gests an interaction with septins. To test this possibility, we per-
formed in vitro binding assays using recombinant proteins purified
from Escherichia coli (Figure 2, A and B). The full-length Hof1 fused
to the bacterial maltose-binding protein (MBP-Hof1-FL) and MBP-
Hof1-N-term bound strongly to the five-septin complex (Cdc3,
Cdc10, Cdc11, hexahistidine [Hisg]-Cdc12, and Shs1) in buffers con-
taining100 mM NaCl but not 300 mM NaCl. Under the same condi-
tion, MBP-Hof1-C-term showed a very weak interaction, whereas
MBP and MBP-Cyk3 (controls) failed to interact with the septin
complexes completely. Because septin complexes are known to
form filaments under the low-salt, but not the high-salt, condition
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Hof1-N-term binds to septin complexes in vitro and in vivo. (A) Hof1-N-term binds to
septin complexes in vitro. Recombinant MBP-Hof1* fusion proteins (MBP-Hof1, MBP-Hof1-N-
term, and MBP-Hof1-C-term), along with the controls (MBP and MBP-Cyk3), were used in the in
vitro binding assays to assess their interactions with the five-septin complexes (Cdc3, Cdc10,
Cdc11, Hisg-Cdc12, and Shs1) under salt conditions that either favor (100 mM NaCl) or prevent
(300 mM NaCl) filament assembly. (B) Relative strengths of interactions between Hof1 fragments
and septin complexes. The binding data from A were used for quantitative analysis.

(C) Hof1-N-term binds to septins in vivo. The BiFC assay was used to determine the interactions
between different Hof1 fragments and septin subunits in vivo. MATa strains each containing a
specific septin gene C-terminally tagged with the N-terminus of Venus (septin-Vn) were mated
pairwise with MATa strains each containing a specific hof1 fragment N-terminally tagged with
the C terminus of Venus (Vc-Hof1*). The resulting diploid strains were monitored for yellow
fluorescence signals, which reflect the relative strengths of interactions between Hof1 fragments
and septin subunits. For interactions between Hof1 and septins, strains YEF5812, YEF5813,
YEF5814, YEF5815, and YEF5816 were used; for interactions between Hof1-N-term and septins,
YEF5883, YEF5881, YEF5884, YEF5885, and YEF5886 were used; for interactions between
Hof1-C-term and septins, YEF5930, YEF5934, YEF5931, YEF5932, and YEF5933 were used.

Scale bar, 2 ym.

(Frazier et al., 1998; Versele et al., 2004), these data suggest that
Hof1-N-term may bind preferentially to septin filaments in vitro. Al-
ternatively, the interaction between Hof1-N-term and the septin
complexes is of relatively low affinity and therefore is salt sensitive.
We also found that the binding of MBP-Hof1-FL and MBP-Hof1-N-
term to septin complexes is independent of Shs1 (unpublished
data), the septin subunit known to promote septin ring and gauze
formation in vitro (Garcia et al., 2011).
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To determine whether Hof1-N-term in-
teracts with septins in vivo, we performed a
bimolecular fluorescence complementation
(BiFC) assay (Kerppola, 2008). Different yeast
haploid strains each containing a specific
septin subunit C-terminally tagged with the
N-terminus of Venus (yellow fluorescence
protein; septin-Vn) were crossed with yeast
strains of the opposite mating type each
containing a specific Hofl fragment
(full-length, Hof1-N-term, and Hof1-C-term)
N-terminally tagged with the C terminus of
Venus (Vc-Hof1*) to generate diploid strains.
Fluorescence signals were monitored in the
diploids to determine the interactions be-
tween different Hof1 fragments and septin
subunits. Consistent with the in vitro binding
data, Hof1-N-term clearly displayed stron-
ger interactions with various septin subunits
than either full-length Hof1 or Hof1-C-term
(Figure 2C). In addition, Cdc10 consistently
generated the strongest BiFC signals with
different Hof1 fragments, particularly with
Hof1-N-term. On the contrary, Cdc3 failed
to interact with any of the Hof1 fragments in
this assay. Strikingly, Hof1-N-term appeared
to interact with cable-like “septin filaments”
(Figure 2C; Cdc10-Vn x Vc-Hof1-N-term),
which are presumably formed due to com-
promised Cdc10 functionality by tagging,
as well as the “locking” effect of BIiFC
(Kerppola, 2008). Despite the caveats asso-
ciated with this assay, the BiFC data clearly
indicate that Hof1-N-term is capable of in-
teracting with the septins in vivo, in particu-
lar, the Cdc10 subunit.

If Hof1-N-term interacts with septin com-
plexes and/or filaments mainly through
Cdc10, Hof1-N-term may not be able to
localize to the bud neck in cells deleted for
CDC10. Indeed, Hof1-N-term-GFP failed to
localize to the bud neck in all cdc10A cells
before the onset of cytokinesis, despite the
localization of the rest of the septins to the
division site (Figure 3A and Supplemental
Video S2) and their ability to form complexes
and filaments (McMurray et al., 2011). During
cytokinesis, Hof1-N-term-GFP localized to
the bud neck (unpublished data), presumably
by dimerizing with the endogenous Hof1
that is associated with the AMR, as the F-BAR
domain (1-275) in Hof1-N-term (Figure 1A) is
known to form dimers in vitro (Moravcevic,
Alvarado, Schmitz, Kenniston, Mendrola, and
Lemmon, personal communication). In sharp contrast, Hof1-N-term—
GFP localized to the bud neck in cdc11A and shs1A cells before the
onset of cytokinesis, even though the cdc11A cells display poorer vi-
ability and more severe defects in cytokinesis than the cdc10A cells
(Frazier et al., 1998). These data suggest that Hof1-N-term may local-
ize to the bud neck by interacting with Cdc10. To test this possibility,
we performed in vitro binding assays. Indeed, in comparison to the
four-septin complex (Cdc3, Cdc10, Cdc11, and Hisg-Cdc12), the

300 mM NaCl

B MBP-Hof1-C-term

Vc-Hof1 Vc-Hof1
-N-term

Vc-Hof1
-C-term
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To further narrow down which region of
Hof1-N-term is required for bud neck local-
ization and septin binding, we divided this
fragment into the F-BAR domain (1-275),
whose boundary has been determined ex-
perimentally (Moravcevic et al., personal
communication), and a smaller fragment
(276-340) containing the CC2 region (re-
ferred to as Hof1-CC2 hereafter; Figure 1A).
Our in vitro binding assay showed that the
Hof1-CC2 fragment retained significant abil-
ity to bind septin complexes, whereas the
F-BAR domain displayed a weak interaction
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Hof1-N-term localizes to the bud neck and binds to septin complexes in a
Cdc10-dependent manner. (A) Hof1-N-term fails to localize to the bud neck before the onset of
cytokinesis in cdc10A cells. Viable septin deletion strains (YEF6532, cdc104; YO1542, cdc114;
and YO1538, shs14) containing CDC3-mCherry and expressing Hof1-N-term-GFP from its own
promoter were grown in SC-LEU media at 25°C and then imaged by time-lapse microscopy.
Selected frames from representative time-lapse series were chosen to show the neck localization
of Hof1-N-term in different septin mutants before cytokinesis. Scale bar, 2 ym. (B) The
interaction between Hof1-N-term and septin complexes is significantly reduced in the absence
of Cdc10. The in vitro binding assays were performed as described in Figure 2A, except that
only two MBP fusion proteins (MBP and MBP-Hof1-N-term) and two different septin complexes
(the three-septin complex [Cdc3, Cdc11, and Hisg-Cdc12] and the four-septin complex [Cdc3,
Cdc10, Cdc11, and Hisg-Cdc12]) were used. (C) Quantification of the binding data in B.

three-septin complex (Cdc3, Cdc11, and Hisg-Cdc12) displayed a
marked reduction in its interaction with Hof1-N-term (Figure 3, B and
C). Taken together, these data indicate that Hof1-N-term localizes to
the bud neck and interacts with the septin complexes and/or fila-
ments in a Cdc10-dependent manner. Although it is likely that
Hof1-N-term interacts directly with Cdc10 as suggested by previous
two-hybrid analysis (Meitinger et al., 2011), our data do not rule out
the possibility that the requirement of Cdc10 in Hof1-N-term localiza-
tion and its interaction with the septin complexes may simply reflect
an essential role of Cdc10 in the robustness of septin filament assem-
bly in vitro and in vivo (Frazier et al., 1998; McMurray et al., 2011).

Volume 24 May 1, 2013

that was slightly greater than that for the
MBP control (Figure 4, A and B). The interac-
tion between Hof1-CC2 and the septins was
also found independently by another group
(Meitinger et al., 2013). Consistent with
these binding data, we found that overex-

shs1A

pression of Hof1-N-term disrupted septin
structures at the bud neck, whereas overex-

pression of the F-BAR domain did not
(Figure 4C). In addition, we found that

Hof1-CC2-GFP colocalized with the septins

at the bud neck in hof1A cells throughout
the cell cycle (Figure 4D). However, in com-
parison to Hof1-N-term-GFP, the ratio of
neck-localized signal versus total signal for
Hof1-CC2-GFP was significantly reduced
(~4.5-fold; Figure 4E), which is also consis-
tent with the binding data (Figure 4, A and
B). Of interest, Hof1-F-BAR-GFP did not lo-
calize to the bud neck from G1 to telophase
(Figure 4F), despite its comparable level of
expression to Hof1-CC2 and Hof1-N-term
(Figure 4). Instead, Hof1-F-BAR-GFP local-
ized to the bud cortex upon bud emergence
and disappeared gradually from the cortex
before cytokinesis (Figure 4F). During cy-
tokinesis, Hof1-F-BAR-GFP localized as a
broad band between the septin rings and
did not appear to display an AMR-like con-
striction (Figure 4, F and G, cell 4, and H). In
postcytokinesis cells (after the completion of
AMR constriction), Hof1-F-BAR-GFP local-
ized within the old septin rings as a disk
(Figure 4G, cell 5, the large disk) and also as
a disk within the nascent septin ring at the
presumptive bud site (Figure 4G, cell 5, the small disk). Taken to-
gether, these data indicate that the F-BAR domain and the CC2 re-
gion mediate the cortical and bud neck localizations of Hof1-N-term,
respectively, with the CC2 region being chiefly responsible for the
interaction of Hof1-N-term with septin complexes.

To determine the role of CC2-mediated septin binding in cytoki-
nesis, we generated a Hof1 mutant lacking the CC2-coding region
(Hof1-CC2A) and then assessed its functionality and localization pro-
file throughout the cell cycle. Surprisingly, Hof1-CC2A comple-
mented both the hof1A cyk3A and hof1A myo1A double mutants
efficiently (Supplemental Figure S1, A and B), suggesting that the

100 mM
NaCl

300 mM
NaCl
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CC2 region is dispensable for cytokinesis. Hof1-CC2A-GFP local-
ized to the bud neck earlier than Hof1-C-term—-GFP during the cell
cycle (~14 and 8 min before septin-hourglass splitting, respectively;
Supplemental Figure S1C and Supplemental Video S3). Of impor-
tance, a higher fraction of Hof1-CC2A-GFP (36.8 £ 6.8%, n = 10)
accumulated at the bud neck 2-4 min before cytokinesis than did
Hof1-C-term-GFP (9.9 £ 2.5%, n=11; Figure 1E), which may explain
why Hof1-CC2A can carry out cytokinesis function more effectively
than Hof1-C-term. Alternatively, the F-BAR domain in Hof1-CC2A
may contribute to cytokinesis by an undefined mechanism.

The C-terminus of Hof1 interacts with Myo1 during
cytokinesis

As shown earlier (Figure 1D, bottom), Hof1-C-term localized to the
bud neck just before cytokinesis and constricted during cytokinesis,
suggesting that Hof1-C-term may associate with AMR components.
To test this possibility, we examined the localization of Hof1-C-term
in myo1A cells, as Myo1 plays an essential role in AMR assembly (Bi
et al., 1998; Lippincott and Li, 1998a). As expected, Hof1-C-term
failed to localize and constrict at the center position between the
septin rings during cytokinesis (Figure 5A and Supplemental Video
S4). Instead, it was associated with the septin rings themselves, with
a preferential enrichment at either the mother or the daughter side.
This localization pattern is consistent with the weak interactions ob-
served between Hof1-C-term and septin complexes in vitro (Figure
2, A and B) and in vivo (Figure 2C). Of importance, as long as Myo'l
was present, Hof1-C-term preferentially associated with the AMR
even when the latter constricted asymmetrically in cdc10A or chs2A
cells (Figure 5A and Supplemental Video S4; VerPlank and Li, 2005;
Wioka et al., 2011). Like Myo1 (Bi et al., 1998; Tully et al., 2009),
we also found that Hof1-C-term localized to the division site in an
F-actin-independent manner, as indicated by its localization and
gradual disappearance from the division site without constriction in
cells treated with latrunculin A (Ayscough et al., 1997; Figure 5B and
Supplemental Video S5). These data suggest that Hof1-C-term may
interact with Myo1 or Myo1-associated proteins. Indeed, our in vitro
binding experiment showed that Hof1-C-term was able to interact

with Myo1-tail (856-1928; Figure 5C), which harbors all the target-
ing domains (TD1 and TD2) for the localization of Myo1 to the divi-
sion site (Fang et al., 2010). This interaction was relatively weak in
comparison to the positive control Bni5, which is known to display a
robust interaction with Myo1-tail or Myo1-TD1 (856-1223, 1398-
1928) but not with Myo1-TD2 (1224-1397; Figure 5C; Fang et al.,
2010). Thus Hof1-C-term associates with the AMR during cytokine-
sis, at least in part, by interacting with Myo1-tail.

The SH3 domain of Hof1 is important for maintaining

the symmetry of Myo1 ring constriction

Overexpression of the full-length Hof1 is known to cause pro-
nounced defects in cytokinesis and septin organization (Lippincott
and Li, 1998b). However, it remains unknown whether the cytokine-
sis defect is secondary to the septin defect, as septins are essential
for cytokinesis in budding yeast (Hartwell, 1971; Wloka and Bi,
2012). To gain further insight into how the N- and C-terminal halves
of Hof1 play distinct roles in cytokinesis, we analyzed their overex-
pression effects. Consistent with our observations that Hof1-N-term
interacts with septins throughout the cell cycle and Hof1-C-term in-
teracts with Myo1 during cytokinesis, we found that overexpression
of Hof1-N-term disrupted septin organization and caused cytokine-
sis defects (Figure 4C, left), whereas overexpression of Hof1-C-term
caused cytokinesis defects without septin disruption (Figure 6, A
and B; and unpublished data). Because the SH3 domain in
Hof1-C-term binds to the PXXP motifs in Inn1 and Cyk3, two pro-
teins involved in PS formation during cytokinesis (Nishihama et al.,
2009; Labedzka et al., 2012), we also monitored the overexpression
effect of Hof1-C-term lacking the SH3 domain (Hof1-C-term-SH3A)
and found that the percentage of cells defective in cytokinesis (cell
clusters with three or more connected cell bodies) was reduced from
90 to 50% (Figure 6, A and B), suggesting that both the SH3 domain
and the rest of the C-terminus contribute to the cytokinesis defects.
The importance of the SH3 domain in cytokinesis is further sup-
ported by the observation that Hof1 lacking the SH3 domain
(Hof1-SH3A) failed to complement the synthetic lethality between
myo 1A and hof1A (Figure 6C; Vallen et al., 2000).

FIGURE 4: The F-BAR domain and the second coiled-coil region of Hof1-N-term display distinct localization patterns
and differential abilities in septin binding. (A) The CC2 region binds more strongly than the F-BAR domain to septin
complexes. The indicated MBP fusion proteins were used in the in vitro binding assays as described in Figure 2A to
assess their interactions with the five-septin complexes under low-salt condition. MBP-Hof1-N-term, MBP-Hof1-F-BAR,
and MBP-Hof1-CC2 contain residues 1-340, 1-275, and 276-340 of Hof1, respectively. (B) Quantification of the binding
data in A. (C) Overexpression of Hof1-N-term causes septin defects in an F-BAR-independent manner. Strains carrying
PGAL1 promoter-controlled Hof1-N-term (YO1834) or Hof1-F-BAR (YO1875) were grown in YM-1 rich media containing
2% galactose and 2% raffinose to induce the overexpression of the indicated Hof1 fragments at 25°C overnight and
then documented for their cell morphologies and septin defects. Representative images are shown. (D) Hof1-CC2
localizes to the bud neck throughout the cell cycle. Strains carrying either Hof1-N-term-GFP or Hof1-CC2-GFP in hof1A
CDC3-mCherry strains (YEF5421 and YO1878, respectively) were grown in SC-LEU media at 25°C and then imaged by
fluorescence microscopy. (E) The targeting efficiency of Hof1-CC2 to the bud neck is much lower than that of
Hof1-N-term. The signal ratios of Hof1-N-tern-GFP (n = 20) and Hof1-CC2-GFP (n = 20) at the bud neck vs. the total
before the septin-hourglass splitting were quantified. (F) Hof1-F-BAR localizes to the sites of polarized growth during
the cell cycle. Cells of a hof1A CDC3-mCherry strain (YO1880) expressing Hof1-F-BAR-GFP were grown in SC-LEU
media at 25°C and then imaged by fluorescence microscopy. (G) Hof1-F-BAR associates with the PM between or within
the septin rings during cytokinesis and cell polarization. Three-dimensional reconstructions of the cells 4 and 5 in F were
performed and rotated along the indicated axis to show the association of the Hof1-F-BAR with the PM between or
within the septin rings during early cytokinesis (cell 4, top), shortly after cytokinesis (cell 5, arrow), and at the
presumptive bud site during cell polarization (cell 5, arrowhead). (H) Detailed analysis of Hof1-F-BAR association with
the PM between the septin rings from telophase to the completion of cytokinesis. Time-lapse analysis was performed
on strain YO1880 as described in Figure 1D. (I) Different Hof1 fragments are expressed at comparable levels. The
expression levels of indicated GFP-Hof1* fragments in strains YEF4909, YEF5421, YO1878, and YO1879 were
determined by Western blot analysis using anti-GFP and anti-Cdc28 (loading control) antibodies. Scale bars, 2 pm.
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Hof1-C-term interacts with Myo1 tail in vitro and associates
with Myo1 during cytokinesis. (A) The localization of Hof1-C-term to
the midposition between the septin rings during cytokinesis requires
Myo1 but not Cdc10 or Chs2. Hof1-C-term-GFP localization during
cytokinesis was analyzed by time-lapse microscopy in various mutants
carrying CDC3-mCherry (wild type [WT], YEF5422, data not shown
due to its similarity to that in Figure 1D; myo1A, YEF6392; cdc10A,
YO1473; chs2A, YEF6383). (B) Hof1-C-term localization to the division
site is independent of F-actin. Cells of the strain YEF5422 were grown
to exponential phase in SC-HIS media at 25°C, treated with either
200 pM LatA or DMSO for 30 min, and then followed by time-lapse
microscopy. Arrowhead indicates septin-hourglass splitting.

(C) Hof1-C-term binds to Myof1 tail in vitro. Recombinant GST-Hof1-C-
term, together with the negative (GST) and positive (GST-Bni5)
controls, was used in the in vitro binding assays to assess their
interactions with different MBP-Myo1 tail fragments (MBP, negative
control; MBP-Myo1-TD1; MBP-Myo1-TD2; and MBP-Myo/1-tail).

We also found that overexpression of Hof1-C-term increased the
duration of Myo1 ring constriction five times over the controls
(wild-type and hof1A cells; Figure 6, D and E, and Supplementary
Video S6). Strikingly, this increase was completely abolished by the
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deletion of the SH3 domain in the C-terminus (Figure 6, D and E,
and Supplementary Video S6), suggesting that the SH3 domain is
required for Myo1 stabilization at the division site during cytokine-
sis, which is consistent with the observed interaction between
Hof1-C-term and Myo1-tail (Figure 5C). It is also possible that the
SH3 domain may regulate Myo1 stability through PS formation, as
overexpression of Hof1-C-term caused prolonged localization of
Chs2 and Inn1 at the division site (unpublished data). Inn1 is a target
of the SH3 domain required for PS formation (Nishihama et al.,
2009). Of interest, Myo1 ring displayed “asymmetric constriction” in
~50% of the hof1A cells carrying the hof1-SH3A allele (n = 19), which
was expressed from its own promoter on a centromere-based plas-
mid (Figure 7, A'and B). In contrast, Myo1 ring displayed “symmetric
constriction” in 100% of the hof1A cells carrying the full-length
HOF1 (n=22; Figure 7, A and B). Because the SH3 domain is known
to interact with Inn1 and defects in PS formation such as those
caused by deletion of INNT or CHS2 often result in asymmetric
Myo1 constriction (VerPlank and Li, 2005; Nishihama et al., 2009;
Oh etal., 2012), it is likely that the asymmetric constriction observed
in hof1-SH3A cells is due to elimination of the Hof1-Inn1 interaction
or its resultant defect in PS formation. The duration of Myo1 ring
constriction in the hof1-SH3A cells (11.3 £ 2.4 min, n = 17) was
slightly longer than that in the HOF1 control cells (9.5 £ 1.1 min,
n = 22; Figure 7C). Taken together, these data suggest that the SH3
domain of Hof1 plays an important role in cytokinesis, at least in part
by regulating the symmetry of Myo1 ring constriction.

Hof1 interacts with Chs2 and functions as a dosage
suppressor of a chs2 mutant

Hof1 is believed to function in cytokinesis by coupling AMR con-
striction to PS formation (Vallen et al., 2000). In addition, deletion
of HOF1 clearly affects PS formation (Meitinger et al., 2010). Thus
we decided to explore the relationship between Hof1 and Chs2
during cytokinesis. Chs2 is phosphorylated at Ser-217 and Ser-225
at the division site by the Dbf2-Mob1 kinase during late stage of
AMR constriction. This phosphorylation is believed to trigger Chs2
dissociation from the AMR in preparation for its eventual endocytic
removal from the division site (Oh et al, 2012). Surprisingly,
high-copy HOF 1 suppressed the growth and cytokinesis defects of
chs2-DD (phosphomimic form) but not chs2-AA (dephosphomimic
form) cells (Figure 8A), suggesting that Hof1 may interact with
Chs2 to promote its association with the AMR during cytokinesis.
Indeed, the N-terminus of Chs2 (1-286) was able to interact with
both Hof1-N-term and Hof1-C-term in vitro (Figure 8B). In addi-
tion, Chs2 became more mobile at the division site in hof1A cells,
as analyzed by fluorescence recovery after photobleaching (FRAP),
in contrast to wild-type cells, where Chs2 was immobile during
AMR constriction (Figure 8, C and D, and Supplemental Video S7;
Wloka et al., 2013). Taken together with our observation that
Hof1-C-term interacts with Myo1, these data suggest that Hof1
couples AMR constriction to PS formation during cytokinesis by
interacting with both Myo1 and Chs2.

DISCUSSION

Hof1 contains multiple targeting domains that are
differentially required for cytokinesis

In this study, we found that Hof1 contains multiple targeting domains
that are differentially required for cytokinesis. Hof1-N-term localizes
to the bud neck throughout the cell cycle. In addition, it localizes to
the sites of polarized growth. However, Hof1-N-term by itself does
not complement the cytokinesis defect of hof1A cyk3A cells. In con-
trast, Hof1-C-term localizes to the bud neck shortly before the onset
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FIGURE 6: The SH3 domain plays an important role in cytokinesis and is required for Myo1 stabilization at the division
site. (A) Overexpression of Hof1-C-term inhibits cytokinesis through the SH3 domain and the rest of the protein.
Representative cell morphologies of different strains (WT, YO1860; hof14, YO1864; pGAL1-hof1-C-term, YO1847; and
pGAL1-hof1-Ct-SH3A, YO1870) carrying MYO1-GFP and CDC3-mCherry were imaged after growing in YM-1 rich media
containing either 2% glucose (top) or 2% galactose and 2% raffinose (bottom) at 25°C overnight. Scale bar, 2 pm.

(B) Quantification of cytokinesis defects displayed by the strains under the growth conditions specified in A. More than
200 cells were counted for each strain under each growth condition. (C) The SH3 domain of Hof1 is required for
cytokinesis in the absence of MYO1. Tenfold-serial dilutions of the hof1A myo1A [YCp50-MYO1] (YEF5451)-derived
strains (YO1947, YO1948, YO1949, and YO1950) carrying plasmids harboring different truncated alleles of HOF1
expressed from the HOF1 promoter were spotted onto either SC-URA or 5-FOA plate and incubated for 3 d at 25°C.

(D) Overexpression of Hof1-C-term causes Myo1 stabilization at the division site in an SH3 domain-dependent manner.
Yeast strains described in A were grown in YM-1 rich media containing 2% galactose and 2% raffinose at 25°C and then
analyzed for Myo1 ring constriction during cytokinesis by time-lapse microscopy. Arrowhead indicates septin-hourglass

splitting. (E) Quantification of the duration of Myo1 ring constriction (from septin-hourglass splitting to the
disappearance of Myo1-GFP signal from the division site) during cytokinesis using the data acquired in D (WT, n=4;

hof1A, n= 6; pGAL1-hof1-C-term, n = 8; and pGAL1-hof1-Ct-SH3A, n=5).

of cytokinesis and is able to complement the cytokinesis defect of
hof1A cyk3A cells, although its localization and complementation ef-
ficiencies are much lower than those of full-length Hof1. Thus both
the N- and C-terminal portions of Hof1 are required for efficient cy-
tokinesis. However, Hof1-C-term appears to play a more prominent
role in cytokinesis, whereas Hof1-N-term contributes, at least, by
promoting efficient targeting of Hof1 to the division site.
Hof1-N-term localizes to the bud neck and interacts directly with
septin complexes in a Cdc10-dependent manner. This interaction

Volume 24 May 1, 2013

accounts for the bud neck localization of Hof1 before the onset of
cytokinesis. Further analysis indicates that Hof1-N-term contains two
distinct targeting signals—the F-BAR domain and the CC2 region.
The F-BAR domain localizes to sites of polarized growth, but its phys-
iological targetis unknown. The F-BAR domain forms abanana-shaped
dimer like other F-BAR domains and binds nonselectively to
phospholipid membranes with relatively low affinity (Moravcevic
et al., personal communication). It is possible that the F-BAR domain
assumes the polarized localization in the cell by binding to locally
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The SH3 domain plays an important role in maintaining
the symmetry of Myo1 ring constriction. (A) Representative time-lapse
series of Myo1-GFP constriction in the wild-type and hof1-SH3A cells.
Cells of the hof1A CDC3-mCherry [pRS316-Myo1-C-GFP] strains
(YO1966 and YO1967) carrying centromere-based plasmids
expressing either HOF1 (wild type) or hof1-SH3A from the HOF1
promoter were grown to exponential phase in SC-LEU-URA media at
25°C and then analyzed by time-lapse microscopy. Arrowheads
indicate the timing of septin-hourglass splitting. (B, C) Quantification
of the symmetry (B) and duration (C; from septin-hourglass splitting to
the disappearance of Myo1-GFP signal from the division site) of Myo1
ring constriction during cytokinesis using the data acquired in A.

enriched phospholipids. The CC2 region localizes to the bud neck
throughout the cell cycle by interacting with septin complexes. How-
ever, the F-BAR domain is clearly required for the efficient targeting
of the CC2 region to the bud neck by promoting its cortical enrich-
ment and/or by regulating its conformation, which enables a more
robust interaction with septin complexes.

Hof1-C-term localizes to the bud neck shortly before the onset of
cytokinesis and constricts together with the AMR like the full-length
protein does. In addition, the localization of Hof1-C-term to the
middle position between the septin rings during cytokinesis de-
pends on Myo1. Furthermore, Hof1-C-term interacts directly with
Myo1-tail in vitro. This interaction presumably accounts for the as-
sociation of the full-length Hof1 with the AMR during cytokinesis.
The Hof1-Myo1 interaction must also be regulated during the cell
cycle, as both proteins localize to the division site long before the
onset of cytokinesis and yet do not interact until the beginning of
the division process. Indeed, Hof1 is phosphorylated by the Polo
kinase Cdc5 and the mitotic exit kinase Dbf2-Mob1 (Meitinger et al.,
2011), which presumably enables the switch in Hof1 interaction from
the septins to Myo1.

In summary, our study indicates that Hof1 contains three distinct
targeting domains that confer distinct patterns of localization by in-
teracting with different binding partners. Based on this and other
studies, a clear picture of the mechanism of Hof1 localization and
regulation during the cell cycle is beginning to emerge (Figure 9A).
Hof1 is expressed in S/G2 (Vallen et al., 2000), and its localization to
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Hof1 interacts directly with Chs2, stabilizes it at the
division site, and suppresses the cytokinesis defects of a chs2
mutant. (A) Increased dose of Hof1 specifically suppresses the
growth and cytokinesis defects of the chs2-DD but not the chs2-AA
mutants. Tenfold serial dilutions of the chs2-AA- or chs2-DD-
derived strains carrying a high-copy plasmid alone (Vector) or
containing a specific gene (CHS2, CYK3, or HOF1) were spotted
onto plates containing either minimal medium (SC-URA) or rich
medium (YPD) and grown at 25°C for 2-3 d (the chs2-AA-derived
strains: YO1543, Vector; YO1442, CHS2; YO1544, CYK3; and
YO1545, HOF1. The chs2-DD-derived strains: YO1550, Vector;
YO1443, CHS2; YO1551, CYK3; and YO1552, HOFT1). (B) Both
Hof1-N-term and Hof1-C-term bind to Chs2 in vitro. Recombinant
MBP-Hof1 fragments (MBP-Hof1-Ct and MBP-Hof1-Nt), along with
the controls (MBP, MBP-Myo1-tail, and MBP-Cyk3), were assessed
for their interactions with a recombinant GST-Chs2 fragment
containing a portion of its intracellular domain (GST-Chs2 (1-286))
or GST alone (control). (C) Chs2 becomes more mobile at the
division site in hof1A cells. The wild-type (WT, YEF6653; top) and
hof1A (YEF6654; bottom) cells carrying CHS2-GFP and
CDC3-mChery were grown to the exponential phase in SC-HIS and
then changed to YM-1 rich media for at least 3 additional hours of
growth. The dynamics of Chs2 during cytokinesis in these strains
was then analyzed by FRAP. Blue lines, fluorescence signal in the
unbleached region; red lines, fluorescence signal in the bleached
region; arrows, photobleaching point; asterisk, the period when
endocytic vesicles carrying the Chs2-GFP cargoes linger around the
division site, which complicates the quantitative analysis of
fluorescence signal during that period. (D) Quantitative analysis of
the fluorescence recovery patterns using the data acquired in C
(WT, n=17; hof1A, n=44).
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FIGURE 9: (A) A model for Hof1 localization and degradation during
the cell cycle. From S/G2 to the end of mitosis, Hof1 is targeted to
the bud neck by interacting with septin complexes in a
Cdc10-dependent manner. This interaction is mediated by the
N-terminus of Hof1, primarily through its CC2 region. From the onset
of telophase to the end of cytokinesis, Hof1 colocalizes with the AMR
through an interaction between its C-terminus and Myo1-tail. In the
absence of Myo1, Hof1 interacts with the septin rings and the PM
between the rings during cytokinesis. During and after cytokinesis,
Hof1 is degraded through SCF-mediated degradation. See the text
for details. (B) A model for Hof1 function in cytokinesis. Hof1 couples
AMR constriction to PS formation by interacting with Myo1 and Chs2.
D, daughter cell; M, mother cell; X, an unknown mechanism that links
Myo1 to the PM. See the text for details.

the bud neck from this point to the onset of cytokinesis depends on
its interaction with septin complexes. More specifically, this interac-
tion requires the CC2 region of Hof1 and the septin subunit Cdc10.
During the mitotic exit, Hof1 is phosphorylated (Vallen et al., 2000;
Blondel et al., 2005; Meitinger et al., 2011), leading to its release
from the septins and its association with the AMR (Meitinger et al.,
2011). This Hof1-AMR association is mediated by an interaction be-
tween Hof1-C-term and Myo1-tail. During and immediately after
cytokinesis, Hof1 undergoes SCF-mediated degradation, which re-
quires the PEST sequence of Hofl and the F-box protein Grr1
(Blondel et al., 2005). The spatiotemporally controlled degradation
of Hof1 is required for efficient AMR constriction and subsequent
cell separation (Blondel et al., 2005).

Hof1 couples actomyosin ring constriction with septum
formation during cytokinesis

We propose that Hof1 couples AMR constriction to PS formation
during cytokinesis by interacting with Myo1 and Chs2 (Figure 9B).
This hypothesis is supported by multiple observations made in this
study: 1) Hof1-C-term interacts directly with Myo1-tail; 2) the asso-
ciation between Hof1-C-term and the AMR during cytokinesis de-
pends on Myo1; 3) both the N- and C-terminal regions of Hof1 in-
teract directly with the intracellular domain of Chs2; 4) increased
dosage of Hof1 suppresses the growth and cytokinesis defects of
chs2-DD mutant, which is known to prematurely dissociate from the
AMR (Oh et al., 2012); and 5) deletion of HOF1 does not affect
Myo1 immobility (Wloka et al., 2013) but destabilizes Chs2 during
cytokinesis.
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The role of Hof1 in cytokinesis may be more complex than simply
acting as a linker between Myo1 and Chs2. The SH3 domain of Hof1
has been shown to interact with the proline-rich motifs in verprolin
(Vrp1), the counterpart of the Wiskott—Aldrich syndrome protein
(WASP)-interacting protein (WIP) in animal cells (Ren et al., 2005).
This interaction is believed to relieve an inhibitory effect of the SH3
domain on cytokinesis, which is consistent with our observation that
overexpression of Hof1-C-term inhibited cytokinesis. Because Vrp1
plays an essential role in endocytosis (Munn et al., 1995), the Vrp1-
Hof1 interaction also suggests that the SH3 domain may regulate
cytokinesis through endocytosis. This is unlikely, as we did not find
an apparent defect in Myo1 ring constriction in cells lacking Las17/
Beel (unpublished data), the yeast homologue of WASP that is re-
quired for endocytosis (Li, 1997; Madania et al., 1999). However, this
observation does not rule out the possibility that endocytosis may
fine tune cytokinesis, especially septum formation by controlling the
turnover of enzymatic cargoes such as Chs2 at the division site. The
SH3 domain of Hof1 also interacts with Inn1, a protein required for
PS formation (Nishihama et al., 2009; Labedzka et al., 2012). As dis-
cussed earlier, this interaction may account for the role of the SH3
domain in maintaining the symmetry of Myo1 ring constriction dur-
ing cytokinesis.

Like Hof1, most F-BAR proteins contain an F-BAR domain at their
N-termini and an SH3 domain at the C-termini (Heath and Insall,
2008; Suetsugu et al., 2010). These proteins are best known to func-
tion in clathrin-mediated endocytosis by coupling actin and mem-
brane dynamics. In the fission yeast Schizosaccharomyces pombe,
the F-BAR protein Cdc15 plays an essential role in cytokinesis by
acting as a scaffold that interacts with multiple proteins involved in
cytokinesis, including the formin (Cdc12 in fission yeast), myosin-I
(Myo1 in fission yeast, an activator of the Arp2/3 complex), IQGAP
(Rng2), Ficl, and Cyk3 (Carnahan and Gould, 2003; Roberts-Gal-
braith et al., 2009, 2010; Roberts-Galbraith and Gould, 2010). These
binding partners play distinct roles in AMR assembly and/or septum
formation. In mammalian cells, the F-BAR protein PSTPIP1 (proline,
serine, threonine phosphatase-interacting protein) localizes to the
cleavage furrow and the cell cortex and participates in cytokinesis
and other cellular processes (Spencer et al., 1997; Wu et al., 1998;
Angers-Loustau et al., 1999; Heath and Insall, 2008). Because of the
complexity involved in their interactions with multiple binding part-
ners and the spatiotemporal control of these interactions, it has
been a challenge to understand the detailed mechanism underlying
the role of F-BAR proteins in cytokinesis. It also remains to be seen
whether F-BAR proteins in different organisms function in cytokine-
sis through some common mechanisms.

In this study, we determined the comprehensive mechanism un-
derlying Hof1 targeting to the division site, which explains the com-
plex localization pattern of Hof1 during the cell cycle. In addition,
we presented evidence to suggest that Hof1 functions in cytokinesis
by coupling AMR constriction to PS formation. Although there are a
number of open questions regarding the role of Hof1 in cytokinesis,
this study will contribute to an understanding of how F-BAR proteins
might function in diverse cellular processes by acting as cortical or-
ganizers that link the PM to a cytoskeleton-based machine.

MATERIALS AND METHODS

Strains, growth conditions, and genetic methods

The yeast strains used in this study are listed in Table 1. Standard
culture media and genetic methods were used (Guthrie and Fink,
1991). E. colistrains DH12S (Invitrogen, Carlsbad, CA) and BL21 (DE3;
Invitrogen) were used as hosts for plasmid manipulation and recom-
binant protein expression, respectively. Yeast strains were grown
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Strain Genotype Source
YEF473 a/a. his3/his3 leu2/leu2 lys2/lys2 trp1/trp1 ura3/ura3 Bi and Pringle (1996)
YEF473A  a his3 leu2 lys2 trp1 ura3 Bi and Pringle (1996)
YEF473B o his3 leu2 lys2 trp1 ura3 Bi and Pringle (1996)
YEF1951  a hofl1A::KanMXé Vallen et al. (2000)
YEF2680  a hof1A::KanMX6 cyk3A::HIS3 [pRS316-HOF1] This study?
YEF4551  a hof1A::KanMX6 [YCp50-LEU2-HOF1-GFP::KanMXé] This study
YEF4552  a hof1A::KanMXé [YCp50-LEU2-Hof1-SH3A (1-602)-GFP::KanMXé] This study
YEF4554  a hof1A::KanMXé [YCp50-LEU2-Hof1-N-term (1-340)-GFP::KanMXé] This study
YEF4600  a hofl1A:TRP1 This study
YEF4909  a hof1A::KanMX6 [YCp50-LEU2] This study
YEF4911  a hof1A::KanMXé [pRS315-Hof1-PESTA (418-438)-GFP::KanMX6] This study
YEF4913  a hof1A::KanMX6 [pRS315-Hof1-C-term (341-669)-GFP::KanMX6] This study
YEF4944  a hof1A::KanMX6 cyk3A::HIS3 [pRS316-HOF 1] [YCp50-LEU2-Hof1-SH3A (1-602)::TRP1] This study
YEF4945  a hofl1A::KanMX6é cyk3A::HIS3 [pRS316-HOF 1] [YCp50-LEU2- HOF1-N-term (1-340)::TRP1] This study
YEF4948  a hofl1A::KanMXé cyk3A::HIS3 [pRS316-HOF 1] [pRS315-Hof1-PESTA (418-438)] This study
YEF4949  a hof1A::KanMX6 cyk3A::HIS3 [pRS316-HOF1] [pRS315-Hof1- C-term (341-669)] This study
YEF4966  a hof1A:KanMX6 cyk3A::HIS3 [pRS316-HOF1] [YCp50-LEU2-HOF1] This study
YEF4970  a hofl1A::KanMX6é cyk3A::HIS3 [pRS316-HOF1] [YCp50-LEU2] This study
YEF5421 a hof1A::TRP1 CDC3-mCherry::URA3 [YCp50-LEU2-Hof1-N-term (1-340)-GFP::KanMXé] This study
YEF5422  a CDC3-mCherry::URA3 [YCp50-LEU2-Hof1-C-term (341-669)-GFP::KanMX4] This study
YEF5423  a hof1A::TRPT CDC3-mCherry::URA3 [YCp50-LEU2-Hof1-C-term (341-669)-GFP::KanMXé] This study
YEF5451  a hof1A:TRPT myo1A::HIS3 [YCp50-MYO1] This study
YEF5479  a hof1A::TRP1 CDC3-mCherry::URA3 [YCp50-LEU2-HOF1-GFP::KanMX4] This study
YEF5812  a/o HIS3-pCET1-Vc-HOF1/HOF1 CDC3-Vn:: TRP1/CDC3 [YCp111-CDC3] This study
YEF5813  a/a HIS3-pCET1-Vc-HOF1/HOF1 CDC10-Vn::KanMX6/CDC10 This study
YEF5814  a/a HIS3-pCET1-Vc-HOF1/HOF1 CDC11-Vn::TRP1/CDC11 This study
YEF5815  a/a HIS3 pCET1-Ve-HOF1/HOF1 CDC12-Vn::TRP1/CDC12 [pRS316-CDC12] This study
YEF5816  a/a HIS3-pCET1-Ve-HOF1/HOF1 SHS1-Vn:: TRP1/SHS1 This study
YEF5881 a/o. HIS3-pCET1-Vc-Hof1-N-term (1-340)::KanMX6 /HOF1 CDC10-Vn::KanMX6/CDC10 This study
YEF5883  a/o HIS3-pCET1-Vc-Hof1-N-term (1-340)::KanMX6 /HOF1 CDC3-Vn::TRP1/CDC3 This study
[YCp111-CDC3]
YEF5884  a/a HIS3-pCET1-Vc-Hof1-N-term (1-340)::KanMXé /HOF1 CDC11-Vn::TRP1 This study
YEF5885  a/a HIS3-pCET1-Vc-Hof1-N-term (1-340)::KanMXé /HOF1 CDC12-Vn::TRP1/CDC12 This study
[PRS316-CDC12]
YEF5886  a/a HIS3-pCET1-Vc-Hof1-N-term (1-340)::KanMXé /HOF1 SHS1-Vn::TRP1/SHS1 This study
YEF5930  a/o HIS3-pCET1-Vc-Hot1-C-term (341-669) /HOF1 CDC3-Vn::TRP1/CDC3 [YCp111-CDC3] This study
YEF5931  a/o HIS3-pCET1-Vc-Hof1-C-term (341-669) /HOF1 CDC11-Vn::KanMX6/CDC11 This study
YEF5932  a/a HIS3-pCET1-Vc-Hof1-C-term (341-669) /HOF1 CDC12-Vn::TRP1/CDC12 [pRS316-CDC12] This study
YEF5933  a/a HIS3-pCET1-Ve-Hof1-C-term (341-669) /HOF1 SHS1-Vn:: TRP1/SHS1 This study
YEF5934  a/o HIS3-pCET1-Ve-Hof1-C-term (341-669) /HOF1 CDC10-Vn::KanMX6/CDC10 This study
YEF6383 o chs2A::HIS3 CDC3-mCherry::TRP1 [pRS315-Hof1-C-term (341-669)-GFP::KanMX6] This study
YEF6392  a myolA::KanMXé6 CDC3-mCherry::TRP1 [pRS315-Hof1-C-term (341-669)-GFP::KanMX6] This study
YEF6532  a cdc10A::KanMX6 CDC3-mCherry:: TRP1 [pRS315-Hof1-N-term (1-340)-GFP::KanMX6] This study
YEF6653  a CHS2-GFP::HIS3 CDC3-mCherry::URA3 This study
YEF6654  a hof1A::TRP1 CHS2-GFP::HIS3 CDC3-mCherry::URA3 This study
TABLE 1: Yeast strains used in this study.
Continues
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Strain Genotype Source
YO1442 o chs2A::HIS3 CDC3-mCherry::TRP1 Chs2 (S217A S225A)-GFP::KanMX6 + [pEC2 This study
(CHS2, URA3, 2u)]
YO1443 o chs2A::HIS3 CDC3-mCherry:: TRP1 Chs2 (S217D $225D)-GFP::KanMXé + [pEC2 This study
(CHS2, URA3, 2u)]

YO1473 a cdc10A::KanMX6 CDC3-mCherry::TRP1 [pRS315-Hof1-C-term (341-669)-GFP::KanMX6] This study
YO1538 a shs1A::KanMX6 CDC3-mCherry::TRP1 [YCp50- LEU2-Hof1-N-term (1-340)-GFP::KanMX6] This study
YO1542 a cdcT1A::TRP1 Cdc3-mCherry::URA3 [YCp50- LEU2-Hof1-N-term (1-340)-GFP::KanMXé] This study
YO1543 o chs2A::HIS3 CDC3-mCherry:: TRP1 Chs2 (S217A S225A)-GFP::KanMX6 [pAG426, 21, URA3] Oh et al. (2012)
YO1544 o chs2A::HIS3 CDC3-mCherry::TRP1 Chs2 (S217A S225A)-GFP::KanMXé [pAG426-CYK3, 2u, URA3]  Oh et al. (2012)
YO1545 o chs2A::HIS3 CDC3-mCherry::-TRP1 Chs2 (S217A S225A)-GFP::KanMX6 [pAG426-HOF1, 2u, URA3]  This study
YO1550 o chs2A::HIS3 CDC3-mCherry::TRP1 Chs2 (S217D $225D)-GFP::KanMXé [pAG426, 2y, URA3] Oh et al. (2012)
YO1551 o chs2A::HIS3 CDC3-mCherry::-TRP1 Chs2 (S217D S225D)-GFP::KanMX6 [pAG426-CYK3, 2u, URA3]  Oh et al. (2012)
YO1552 o chs2A::HIS3 CDC3-mCherry::TRP1 Chs2 (S217D S225D)-GFP::KanMX6 [pAG426-HOF1, 2u, URA3]  This study
YO1834 a KanMXé-pGal1-Hof1-N-term (1-340)::HIS3 CDC3-mCherry::LEUZ2 This study
YO1847 a KanMXé-pGal1-Hof1-C-term (341-669) CDC3-mCherry::LEUZ2 [pRS316-Myo1-C-GFP] This study
YO1860  a CDC3-mCherry::LEU2 [pRS316-Myo1-C-GFP] This study
YO1864  a hoflA::NatMX6 CDC3-mCherry::TRP1 [pRS316-Myo1-C-GFP] This study
YO1870  a KanMXé-pGal1-Hof1-C-term-SH3A (341-601) CDC3-mCherry::LEUZ2 [pRS316-Myo1-C-GFP] This study
YO1875 a KanMXé6-pGal1-Hof1-F-BAR (1-275)::HIS3 CDC3-mCherry::Leu2 This study
YO1878 a hof1A::NatMX6 CDC3-mCherry:: TRP1 [YCp50-LEU2-Hof1-CC2 (276-340)::GFP::KanMXé] This study
YO1879  a hof1A:NatMX6 CDC3-mCherry::-TRP1 [YCp50-LEU2-Hof1-F-BAR (1-275)::GFP::KanMXé] This study
YO1880 a hof1-F-BAR (1-275)::GFP::KanMXé CDC3-mCherry::LEU2 This study
YO1947 a hof1A::TRP1 myo1A::HIS3 [YCp50-MYO1] [pRS315] This study
YO1948  a hof1A:TRPT myo1A:HIS3 [YCp50-MYO1] [pRS315-HOF1] This study
YO1949 a hof1A::TRPT myo1A::HIS3 [YCp50-MYO1] [pRS315-Hof1-C-term] This study
YO1950  a hof1A:TRPT myo1A::HIS3 [YCp50-MYO1] [YCp50-LEU2-Hof1-SH3A] This study
YO1966 a hof1A::NatMXé CDC3-mCherry::TRP1 [pRS316-Myo1-C-GFP] [pRS315-HOF1] This study
YO1967 a hof1A::NatMXé CDC3-mCherry::TRP1 [pRS316-Myo1-C-GFP] [YCp50-LEU2-Hof1-SH3A] This study
YO1972 a hof1A::KanMX6 cyk3A::HIS3 [pRS316-HOF1] [pRS315-Hof1- CC2A] This study
YO1973 a hof1A::TRP1 myo1A::HIS3 [YCp50-MYO1] [pRS315-Hof1- CC2A] This study
YO1974  a hof1A::TRP1 CDC3-mCherry::URA3 [pRS315-Hof1-CC2A-GFP::KanMX6] This study

aAll other YEF strains and all the YO strains are derived from YEF473, YEF473A, or YEF473B.

TABLE 1: Yeast strains used in this study. Continued

routinely at 25°C in synthetic complete (SC) minimal medium lack-
ing specific amino acid(s) and/or uracil or in rich medium YM-1 (Lillie
and Pringle, 1980) or yeast/peptone/dextrose (YPD). In some ex-
periments, 1 mg/ml 5-FOA (Research Products International, Mt.
Prospect, IL) was added to media to select for the loss of URA3-
containing plasmids. To depolymerize F-actin (Ayscough et al.,
1997), LatA (Wako Chemicals USA, Richmond, VA) dissolved in dim-
ethyl sulfoxide (DMSO) was added to cell cultures to a final concen-
tration of 200 uM. Oligonucleotide primers were purchased from
Integrated DNA Technologies (Coralville, 1A).

Constructions of plasmids and yeast strains

Commonly used plasmid vectors in this study are YCp50-LEU2
(CEN, LEUZ; Bi and Pringle, 1996) and pRS315 (CEN, LEUZ;
Sikorski and Hieter, 1989). The plasmids pEC2 (2u, CHS2, URA3;
Ford et al., 1996), pRS316-HOF1 (CEN, HOF1, URA3; Vallen et al.,
2000), YCp50-LEU2-HOF1 (CEN, HOF1, LEUZ2; Nishihama et al.,
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2009), and pRS316-MYO1-C-GFP (CEN, URA3; Fang et al., 2010)
were described previously. Plasmids Ylplac128-CDC3-mCherry
(integrative, LEU2; Gao et al., 2007), Ylplac211-CDC3-mCherry
(integrative, URA3; Fang et al., 2010), and Ylplac204-CDC3-
mCherry (integrative, TRP1; Wloka et al., 2011), carrying mCherry-
tagged CDC3, were digested with Bglll and integrated at the
CDC3 locus of the recipient strains. Plasmid pRS315-HOF1 was
constructed by subcloning an Xbal-digested, 5-kb fragment con-
taining HOF1 from YCp50-LEU2-HOF1 into the corresponding
site of pRS315. Plasmids YCp50-LEU2-Hof1-N-term (1-340)::TRP1
and YCp50-LEU2-Hof1-SH3A(1-601)::TRP1 were constructed by a
PCR-based approach (Longtine et al., 1998), directly inserting a
STOP codon after the codon 340 or 601of HOF1 carried on the
plasmid YCp50-LEU2-HOF1 in a hof1A::KanMXé strain. Plasmids
pRS315-Hof1-C-term (341-669), pRS315-Hof1-CC2A (276-340)A,
and pRS315-Hof1-PESTA (418-438)A were constructed by a PCR-
based deletion method using pRS315-HOF1 as the template.
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Plasmids YCp50-LEU2-HOF1-GFP::KanMX6, YCp50-LEU2-Hof1-
N-term-GFP::KanMX6,  YCp50-LEU2-Hof1-SH3A-GFP::KanMX6,
pRS315-Hof1-PESTA-GFP::KanMX6,  YCp50-LEU2-Hof1-F-BAR-
GFP::KanMX6, pRS315-Hof1-CC2A-GFP::KanMX6, and pRS315-
Hof1-C-term-GFP::KanMX6é were constructed by PCR-based
C-terminal tagging of HOF1 or its fragment carried on plasmid
YCp50-LEU2-HOF1 or its derivative using GFP-KanMXé fragment
amplified from the plasmid pFA6a-GFP-kanMX6 (Longtine et al.,
1998). Plasmid YCp50-LEU2-Hof1-CC2 (276-340)-GFP::KanMXé
was constructed by PCR-based deletion of an appropriate region
in YCp50-LEU2-N-term-GFP::KanMXé. Plasmids pMAL-C2-Hof1,
-Hof1-N-term (1-340), -Hof1-C-term (341-669), Hof1-F-BAR
(1-275), Hof1-CC2 (276-340), and -Cyk3 were constructed by clon-
ing a BamHI and Sall (both sites introduced in PCR primers)-di-
gested HOF1 fragment or CYK3 into the corresponding sites of
pPMAL-C2 (New England Biolabs, Ipswich, MA). Plasmids pMAL-
C2- Myo1-tail (856-1928), pMAL-C2-TD1 (856-1253, 1398-1928),
and pMAL-C2-Myo1-TD2 (1254-1397) were described previously
(Fang et al., 2010). Plasmid pGEX5X-1-Hof1-C-term was con-
structed by cloning a BamHI and Sall-digested hof1-C-term frag-
ment into the corresponding sites of pGEX5X-1 (GE Healthcare,
Pittsburgh, PA).

The KanMX6-pGALT-HOF1 and KanMXé-pGAL1-Hof1-C-term
strains were constructed by inserting a 2.0-kb PCR fragment con-
taining KanMXé-pGAL1 (Longtine et al., 1998) in front of either the
START codon or the codon 341 of HOF1 on the chromosome. The
KanMX6-pGALT-Hof1-N-term::HIS3MX6 ~and  KanMXé-pGAL1-
Hof1-F-BAR::HIS3MXé strains were constructed by a PCR-based
method (Longtine et al., 1998), directly inserting a STOP codon after
the codon 340 or 275 of HOF1 on the chromosome of the strain
KanMX6-pGAL1-HOF1. Similarly, the KanMXé-pGAL1-Hof1-C-
term-SH3A(341-601)::HIS3MX6 strain was constructed by inserting a
STOP codon after the codon 601 of HOF1 on the chromosome of
the strain KanMX6-pGAL1-Hof1-C-term. Plasmid pAG24-HOF1 was
constructed by transferring HOF1 from the targeting-induced local
lesions in genomes (TILLING) library plasmid pGP564-HOF1 (2y,
LEUZ2; Open Biosystems, Lafayette, CO) onto the Gateway vector
pAG24 (2u, URA3) using Gateway LR Clonase Il (Invitrogen, Grand
Island, NY).

Bimolecular fluorescence complementation assay

Yeast strains used for the BiFC assay (Hu et al., 2002) were con-
structed by a PCR-based approach (Sung and Huh, 2007). For
one set of strains, the last codon of each septin gene (CDC3,
CDC10, CDC11, CDC12, SHS1) at its physiological locus was di-
rectly fused in-frame with the N-terminal fragment of Venus (Vn),
a variant of the yellow fluorescence protein, respectively, in a
MATa strain (YEF473A). In case of CDC3 and CDC12, due to the
sickness of the resulting strains, a supporting plasmid YCplac111-
CDC3 (CEN, LEU2) or pRS316-CDC12 (CEN, URA3; both plas-
mids were kindly supplied by M. Longtine, Washington University,
St. Louis, MO) was transformed into YEF473A before the chromo-
somal tagging. For the second set of strains, a PCR fragment con-
taining the pCET1 promoter and the C-terminal fragment of Ve-
nus (Vc) was directly inserted in-frame before the START codon of
HOF1, hof1-N-term, or hof1-C-term on the chromosome of an
appropriate MATo strain (YEF473B or its derivative). After pair-
wise mating between the two sets of strains, diploids were se-
lected on either SC-HIS-TRP plates or SC-HIS plates containing
200 pg/ml G418. Fluorescence signals from the diploid cells were
observed using the spinning-disk confocal microscope system
(see later description).
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Microscopy

A computer-controlled Eclipse 800 microscope (Nikon, Tokyo,
Japan) and a high-resolution charge-coupled device (CCD) camera
(model C4742-95; Hamamatsu Photonics, Bridgewater, NJ) were
used to visualize cell morphologies by differential interference con-
trast microscopy. The images were acquired using Image-Pro Plus,
version 7.0 (Media Cybernetics, Bethesda, MD). For live-cell imag-
ing of yeast strains carrying a plasmid, cells were grown at 25°C in
SC media lacking a specific amino acid to select for the presence of
a plasmid. For imaging yeast strains carrying a hof1 fragment under
the control of the pGAL1 promoter, cells were first grown in the rich
medium YM-1 containing 2% galactose and 2% raffinose. Cells were
then concentrated by centrifugation and spotted on a slab of YM-1
medium containing 2% galactose, 2% raffinose, and 2% agarose for
live-cell imaging. Images were acquired at 25°C on a spinning-disk
confocal microscope equipped with a Yokogawa CSU 10 scan head
(Yokogawa, Tokyo, Japan) combined with an Olympus IX 71 micro-
scope and an Olympus 100x objective (1.4 numerical aperture, Plan
S-Apo oil immersion; Olympus, Tokyo, Japan). Acquisition and hard-
ware were controlled by MetaMorph, version 7.7 (Molecular De-
vices, Downingtown, PA). A Hamamatsu ImagEM electron-multiply-
ing CCD camera (model C9100-13; Hamamatsu Photonics) was
used for image capture. Diode lasers for excitation (488 nm for GFP
and 561 nm for mCherry/RFP) were housed in a launch constructed
by Spectral Applied Research (Richmond Hill, Canada). Images were
taken every minute with z-stacks ranging from 11 x 0.3 to 11 X
0.5 pm. Maximum projections were generated with MetaMorph,
version 7.7 (Molecular Devices, Downingtown, PA) or ImageJ (1.45b;
National Institutes of Health, Bethesda, MD). For the experiments
involving FRAP, cells were grown to exponential phase in SC-HIS
media at 23°C. Cells were then centrifuged and resuspended in
10 ml YM-1 medium and grown for at least another 3 h in a 50-ml
flask at 25°C in a water-bath shaker. One milliliter of this culture was
taken to concentrate the cells by centrifugation. Cells were then
spotted on YM-1 medium containing 2% agarose for FRAP and im-
aging analysis. FRAP was performed using a MicroPoint computer-
controlled ablation system (Photonic Instruments, St. Charles, IL)
consisting of a nitrogen-pumped dye laser (wavelength, 435 nm)
controlled by MetaMorph. In some cases, sequential photobleach-
ing was applied. Images were captured and processed using the
same microscope, camera, and software as described. Images were
taken every 20 s with a z-stack consisting of 12 x 0.4-ym optical
sections.

In vitro binding experiment

To purify the five-septin complexes, E. colistrain BL21 (DE3) (Invitro-
gen) containing pMVB128 (expressing Cdc10 and Hisg-Cdc12; am-
picillin resistant), pMVB133 (expressing Cdc3 and Cdc11; chloram-
phenicol resistant), and pCOLA-Duet-Shs1 (expressing Shs1;
kanamycin resistant), kindly provided by J. Thorner (University of
California, Berkeley, CA; Versele et al., 2004; Garcia et al., 2011),
was grown to exponential phase at 37°C, and protein expression
was induced with the addition of 1 mM isopropyl-B-p-thiogalactoside
for 3 h at 23°C. The four-septin complexes were expressed from the
BL21 (DE3) containing pMVB128 (Cdc10 and His,-Cdc12) and
pMVB133 (Cdc3 and Cdc11). The three-septin complexes were ex-
pressed from plasmids pMVB133 (Cdc3 and Cdc11) and pMVB12-
Cdc12-Hise. To purify the septin complexes, cells were resuspended
with nickel-nitriloacetic acid (Ni-NTA) lysis buffer (300 mM NaCl, 5
mM MgCly, 20 mM Tris-HCI, pH 8.0, 20 mM imidazole, 10 mM (-
mercaptoethanol, 0.1% NP-40) containing a cocktail of protease in-
hibitors (Roche, Indianapolis, IN). Cells were then sonicated six times
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with 40 amplitude (QSonica Q55, Newtown, CT) for 15 s with 1-min
interval on ice. The protein extracts were centrifuged at 13,500 rpm
for 20 min at 4°C. The supernatant was mixed with Ni-NTA beads
(Qiagen, Valencia, CA) that had been freshly washed three times
with Ni-NTA lysis buffer. After rocking for 2 h at 4°C, the beads were
centrifuged at 3000 rpm for 10 s, then washed three times with
Ni-NTA buffer. Septin complexes were then eluted four times with
freshly prepared elution buffer (300 mM NaCl, 5 mM MgCl,, 20 mM
Tris-HCI, pH 8.0, 300 mM imidazole, 10 mM B-mercaptoethanol,
0.1% NP-40).

To purify MBP- and glutathione S-transferase (GST)-tagged pro-
teins, E. coli BL21 (DE3) was transformed with pGEX-5X-based plas-
mids or pMAL-C2-based plasmids (see prior description). The
tagged proteins were purified following the protocols described
previously (Fang et al., 2010).

For the in vitro binding experiments, the elution buffer in which
the septin complexes were dissolved was exchanged to the binding
buffer (300 mM NaCl, 5 mM MgCl,, 20 mM Tris-HCI, pH 8.0,
10 mM B-mercaptoethanol, 0.1% NP-40) using centrifugal filters
(Amicon Ultra 10,000 MWCO; Millipore, Billerica, MA). To adjust salt
concentration in the septin complexes to 100 mM NaCl, two vol-
umes of the binding buffer without NaCl was added to one volume
of septin complexes in the binding buffer with 300 mM NaCl and
then incubated for 1 h at 4°C. Approximately 20 pg of MBP-tagged
proteins bound on amylose beads, whose volume was normalized
by adding prewashed amylose beads, were mixed with 5 pg of five-,
four-, or three-septin complexes. The mixtures were incubated with
rotation for 1 h at 4°C and then pelleted by centrifugation. The pel-
lets were washed with 1 ml of the same binding buffer (100 mM
NaCl or 300 mM NaCl). A 2x SDS sample buffer (Santa Cruz Bio-
technology, Santa Cruz, CA) was then added to the beads, which
were boiled for 5 min. Proteins were resolved by SDS-PAGE and
analyzed by Western blotting using rabbit polyclonal antibodies
against Cdc11 (Santa Cruz Biotechnology). The in vitro binding ex-
periments between MBP-tagged and GST-tagged proteins were
performed following the protocol described previously (Fang et al.,
2010).

Protein extraction and Western blotting

Cells were grown in appropriate media to select for the presence of
the plasmid at 25°C overnight. Then 10 ml of the cells were pel-
leted and resuspended with 500 pl of 20% trichloroacetic acid. Cells
were then lysed by beating with acid-washed glass beads (Sigma-
Aldrich, St. Louis, MO) in a Bead Beater (MiniBeadBeater-16; Bio-
spec Products, Bartlesville, OH) for six cycles of 30-s beating and
1-min chilling on ice. Cell lysates were centrifuged and resuspended
in 100 pl of 1x phosphate-buffered saline buffer containing 0.1%
NP-40 and then mixed with 20 pl of 6x sample buffer; this was then
neutralized with T N NaOH and boiled for 5 min. Proteins were re-
solved by SDS-PAGE and analyzed by Western blotting using the
mouse anti-GFP (1:10,000, MMS-118P; Covance, Berkeley, CA) and
the goat anti-Cdc28 (1:2000, yC-20; Santa Cruz Biotechnology) an-
tibodies. The secondary antibodies were anti-mouse immunoglob-
ulin G (IgG; 1:10,000) and anti-goat 1gG (1:10,000) conjugated to
horseradish peroxidase (Jackson ImmunoResearch Laboratories,
West Grove, PA).
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