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ABSTRACT An increasing number of cellular activities can be regulated by reversible lysine
acetylation. Targeting the enzymes responsible for such posttranslational modifications is in-
strumental in defining their substrates and functions in vivo. Here we show that a Saccharo-
myces cerevisiae lysine deacetylase, Hos3, is asymmetrically targeted to the daughter side of
the bud neck and to the daughter spindle pole body (SPB). The morphogenesis checkpoint
member Hsl7 recruits Hos3 to the neck region. Cells with a defect in spindle orientation trig-
ger Hos3 to load onto both SPBs. When associated symmetrically with both SPBs, Hos3 func-
tions as a spindle position checkpoint (SPOC) component to inhibit mitotic exit. Neck localiza-
tion of Hos3 is essential for its symmetric association with SPBs in cells with misaligned
spindles. Our data suggest that Hos3 facilitates cross-talk between the morphogenesis check-
point and the SPOC as a component of the intricate monitoring of spindle orientation after
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mitotic entry and before commitment to mitotic exit.

INTRODUCTION

Acetylation of the e-amino group of lysine residues is a posttransla-
tional modification (PTM) catalyzed by acetyltransferases and can be
reversed via the action of deacetylases. The first identified proteins
with this PTM were histones, and the role of reversible lysine acety-
lation is best characterized on the NH2-terminal tails of histones
(reviewed in Shahbazian and Grunstein, 2007). A historical conse-
quence of the focus on histones as substrates for reversible acetyla-
tion is that the enzymes responsible for addition and removal of the
modification are generally termed histone acetyltransferases (HATs)
and histone deacetylases (HDACs). However, in recent years, there
has been a growing appreciation of the presence of lysine acetyla-
tion on other proteins, both nuclear and nonnuclear, suggesting a
broader role of this PTM in vivo (Kim et al., 2006; Choudhary et al.,
2009; Zhao et al., 2010). One prominent example is the acetylation
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of the tumor suppressor p53 by coactivator CBP/p300, which mark-
edly stimulates its DNA-binding activity, whereas its deacetylation
by an HDAC1-containing complex represses p53-mediated tran-
scriptional activation (Gu and Roeder, 1997; Luo et al., 2000).
Another example is tubulin acetylation via GCN5-related acetyl-
transferases (Akella et al., 2010; Conacci-Sorrell et al., 2010; Shida
et al., 2010), which is believed to play a role in microtubule dynam-
ics and stability (reviewed in Janke and Bulinski, 2011). Such studies
have broadened our view of lysine acetylation, suggesting that the
assumption that an individual HAT or HDAC has an in vivo substrate
range exclusive to histones may no longer hold validity. This has led
to the use of the terms lysine acetyltransferases (KATs) and lysine
deacetylases (KDACs), which are often used interchangeably with
HATs and HDAC:s.

In comparison to the numerous acetyl-lysine sites that have
been identified on diverse proteins (Kim et al., 2006; Choudhary
et al., 2009; Weinert et al., 2011), there are only a few HDAC-
encoding genes (10 in Saccharomyces cerevisiae and 18 in Homo
sapiens). This implies that each HDAC may have a significant num-
ber of physiological substrates. However, for the majority of the
acetylated proteins, the biologically relevant HDACs remain largely
unknown.

Partitioning of HDACs to different cellular compartments could
be one important mechanism in defining their physiological
function(s) and substrate range. In humans, HDACS is exclusively
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cytoplasmic, and it deacetylates both o-tubulin and cortactin to re-
spectively regulate microtubule stability and actin-dependent cell
motility (Hubbert et al., 2002; Zhang et al., 2007). HDACS also func-
tions as an adaptor to target misfolded protein aggregates to the
microtubule motor dynein, and the HDACé6 deacetylase activity is
required for the aggresome formation (Kawaguchi et al., 2003). In
Schizosaccharomyces pombe, three HDACs (Clr3, Clr6, and Hda1)
have distinct subcellular localization and in vivo specificity (Bjerling
et al., 2002). For the model organism of S. cerevisiae, the 10 HDAC
genes are categorized into three classes: | (RPD3, HOS1, and HOS2),
Il (HDA1 and HOS3), and Il (SIR2, HST1, HST2, HST3, and HST4;
Ekwall, 2005). The founding members of each class (RPD3, HDAT,
and SIR2) have been extensively studied for their functions in pro-
cesses such as gene expression, DNA damage response, and aging
(Lin et al., 2000; Keogh et al., 2005; Robert et al., 2011).

During our initial efforts to characterize the distribution of S. cer-
evisiae HDACs, we surprisingly discovered that a class Il HDAC,
Hos3, is specifically targeted to the mother-bud neck and to a single
focus in the daughter cell. In addition to its localization, Hos3 ap-
pears unique in several aspects. Unlike other HDACs, which are
functional only in the context of large complexes, Hos3 displays in-
trinsic deacetylase activity (Carmen et al., 1999). Deletion of HOS3
results in little change in the global histone acetylation profile and
causes no apparent phenotype (Carmen et al., 1999; Robyr et al.,
2002). Unlike Rpd3 and Hda1, Hos3 is relatively insensitive to a clas-
sic HDAC inhibitor, trichostatin A (Carmen et al., 1999). On oxidative
stress, Hos3 is involved in mediating the induction of yeast apopto-
sis (Ahn et al., 2006), although the normal physiological functions
and substrates of Hos3 remain undiscovered. It is clear that Hos3
can function as a deacetylase capable of acting on histone tails
when expressed in vitro (Carmen et al., 1999). Moreover, the cata-
lytic domain of Hos3 can replace Sir2 as an HDAC in heterochroma-
tin establishment when targeted to the nucleus, indicating that Hos3
maintains deacetylase activity in vivo (Chou et al., 2008).

In this study, we report that Hos3 displays asymmetric localiza-
tion to the mother-bud neck and the daughter spindle pole body
(SPB). Screening for mutants defective in targeting Hos3 to the neck
identified septins and members of the morphogenesis checkpoint,
pinpointing Hsl7 as the protein that recruits Hos3 to the bud neck.
When a spindle orientation defect is present, Hos3 is loaded onto
both SPBs, and its neck localization is important for this response.
When associated with both SPBs, Hos3 may function as a spindle
position checkpoint (SPOC) component to inhibit mitotic exit. We
also uncover the mechanism behind the cell cycle-dependent asym-
metric targeting of Hos3. The results together reveal how a uniquely
localized lysine deacetylase, Hos3, functions as a link between the
morphogenesis checkpoint and the SPOC and more generally sub-
stantiate roles for lysine acetylation and deacetylation in the regula-
tion of mitotic exit.

RESULTS

Hos3 localizes asymmetrically to the bud neck

and the daughter SPB

Ten HDAC genes can be recognized in the yeast genome. Two of
the proteins encoded by these lysine deacetylase open reading
frames, Hst2 and Hos3, are exclusively localized in the cytoplasm
(Figure 1A). Hos3 displays a particularly striking and selective cyto-
plasmic localization pattern in vivo, being localized to a ring at the
mother-bud neck and as a single focus in the daughter cell. The
Hos3 localization pattern is identical for both NH,- and COOH-ter-
minally tagged Hos3 (Figure 1B, (i) and (i))) and is unchanged whether
Hos3 is integrated into the genomic locus or expressed ectopically
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from a plasmid (Figure 1B, (iii)). The Hos3 ring at the mother-bud
neck has two distinctive features. First, Hos3 localizes selectively to
the daughter side of the neck (Figure 1B). A number of proteins
have been observed to adopt asymmetric localization at the bud
neck (Cid et al., 2002). For example, Bni4 is a mother-side-resident
protein, whereas Kcc4 is anchored to the daughter side (Kozubowski
et al., 2005). Hos3 colocalizes with Kcc4 but not with Bni4, substan-
tiating its asymmetric pattern of association (Figure 1C). A second
feature of Hos3 neck localization is that the association appears
stable in actively growing cells. We examined Hos3 neck localization
with cells at different cell cycle stages (Figure 1D). On the onset of
budding, Hos3 is immediately targeted to the neck and then re-
mains associated throughout the remaining cell cycle (Figure 1D).
These results show that the asymmetric pattern of bud-neck local-
ization persists until cytokinesis. During cytokinesis, the daughter-
side Hos3 ring splits into two separate rings (Figure 1D). By the
completion of mitosis, Hos3 dissociates from previous bud sites and
is not maintained on the bud scars (unpublished data). Hos3 does
not associate with the mother side of the bud-neck ring even when
overexpressed, suggesting the asymmetry is not due to a lack of
intrinsic affinity to the mother side but that the machinery that di-
rects Hos3 to the neck is itself asymmetric (Figure 1E).

The observed Hos3 focus in the daughter cell colocalizes with
the daughter SPB, and Hos3 is not targeted to the mother SPB, re-
vealing another pattern of asymmetry (Figure 1F). Of interest, asym-
metric targeting of Hos3 onto the daughter SPB is cell cycle depen-
dent (Figure 1F and Supplemental Movie S1). At early cell cycle
stages, the sole SPB in the cell does not recruit Hos3 (Figure 1F, (i)
and (ii)). After SPB duplication, both SPBs positioned within the
mother cell are still devoid of Hos3 (Figure 1F, (iii)). Hos3 is loaded
onto the daughter SPB only after the designated daughter SPB par-
titions into the cytoplasmic space of the growing daughter cell
(Figure 1F, (iv) and (v)). Immediately after cytokinesis, Hos3 dissoci-
ates from the previous daughter SPB, and both cells again appear
Hos3 free for their sole SPB.

Regions required for the specific targeting of Hos3
We performed serial truncations to map the regions essential for
Hos3 localization at the bud neck and the daughter SPB (Figure 2).
The single lysine deacetylase domain of Hos3 shares no homology
to other class | and I HDACs outside the catalytic core (Supplemen-
tal Figure S1). The core deacetylase domain of Hos3 is located be-
tween residues 40 and 440 (Figure 2A). Outside the core deacety-
lase domain there is an NHj-terminal 39—amino acid region and a
COOH-terminal region of 257 amino acids. Neither the NHy- nor
the COOH-terminal region contains any distinguishing features that
can be recognized from the primary amino acid sequence. Because
of the absence of any identifiable features, we made truncation al-
leles of the COOH-terminal region, to create constructs that evenly
truncated the protein approximately every 60 residues (Figure 2B).
Truncation of the very COOH-terminal residues of 488-697 are dis-
pensable for localization (Supplemental Figure S2, (i){iii)). However,
deletions of the full COOH-terminus CA abolish localization, whereas
NA still maintains Hos3 at the neck and daughter SPB (Supplemen-
tal Figure S2, (iv) and (v)). A combination deletion of NA+CA, which
removes both the NH2- and COOH-termini, also is mislocalized
(Supplemental Figure S2, (vi)). These data demonstrate that residues
of 444-487 within the COOH terminus are necessary for Hos3
targeting.

The deacetylase domain also plays a role in Hos3 localization,
since Hos3 lacking residues 40-443 (HDACA) is absent from the
neck and daughter SPB (Supplemental Figure S2, (vii)).. Almost all
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FIGURE 1: Unique targeting of Hos3. (A) Hos3 displays a unique localization pattern compared with other HDACs. All
10 HDACs of S. cerevisiae, fused with GFP and expressed from a single-copy CEN vector, were imaged in wild-type
cells coexpressing the nucleus reporter Rpb10-RFP (CEN). An enlarged merged image of Hos3-GFP and Rpb10-RFP is
also shown. Scale bar, 5 pm. (B) Cellular distribution of Hos3. Wild-type cells transformed with a single-copy CEN vector
bearing Hos3-GFP (i), GFP-Hos3 (ii), or wild-type cells containing the endogenous copy of HOS3 fused to three tandem
copies of GFP (Hos3::3XGFP; iii) were analyzed by fluorescence microcopy. Asterisks denote Hos3 at the mother-bud
neck. Arrowheads point to the Hos3 focus in the daughter cell. (C) Hos3 localizes to the daughter side of the bud neck.
Wild-type cells transformed with Hos3-GFP (CEN) and the mother-side neck reporter Bni4-RFP (CEN) or the daughter-
side neck reporter Kcc4-RFP (CEN) were analyzed by fluorescence microscopy. Images are represented as black on
white to reveal the fine ultrastructure of Hos3 labeling with more clarity. (C) Hos3 associates with the bud neck
throughout the cell cycle. Hos3-GFP (CEN) was imaged in wild-type cells at various cell cycle stages as revealed by a
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FIGURE 2: Domain and functional targeting of Hos3. (A) Domain analysis of Hos3. The HDAC domain comprises
residues 40-440. (B) Mapping the region essential for Hos3 bud neck and daughter SPB localization. Full-length and
systematically truncated versions of Hos3-GFP (CEN) were summarized for their capability of bud neck and daughter
SPB targeting in wild-type cells. (C) Two Sir3-Hos3 chimeras differ in their ability to replace Sir2 as an HDAC. A copy of

URA3 was cloned into the subtelomeric region of chromosome VIl in sir24

and sir2A sir3A cells. Cells transformed with

an empty vector or CEN vectors bearing the corresponding genes were assayed by 10-serial dilution onto SCD-Trp and
SCD-Trp + 0.1% 5-fluoroorotic acid (5-FOA) plates for incubation at 30°C or by mating with a MATa tester strain.
Resistance to chemical 5-FOA indicates silencing of the URA3 reporter; growth after replica onto the selective SCD
plate reveals mating. (D) Targeting Sir3-Hos3 chimera to the Sir complex site correlates with its ability to catalyze
deacetylation. Sir2-GFP (CEN), Sir3-Hos3(2-549)-GFP (CEN), and Sir3-Hos3(2-697)-GFP (CEN) were respectively imaged

in wild-type cells coexpressing the Sir complex marker Sir3-RFP (CEN).

residues required for the proposed deacetylase catalytic mechanism
are conserved between Hos3 and other lysine deacetylases (Supple-
mental Figure S3A; Finnin et al., 1999). The in vivo ability of Hos3 to
function as a lysine deacetylase has been elegantly demonstrated
by its ability to substitute for Sir2 (Chou et al., 2008). Maintenance of
the heterochromatin requires the Sir complex (Sir2/3/4; Rusche
et al., 2003). In the absence of the HDAC Sir2, cells fail to silence a
URA3 reporter cloned into the subtelomeric region or to mate prop-
erly (Chou et al., 2008). Fusion of the heterologous Hos3 with the
adaptor protein Sir3 was shown to bypass endogenous Sir2 and re-
verse the defect in silencing and mating in sir2A mutants (Chou

et al., 2008). In this situation the Sir3-Hos3 fusion targets the cata-
lytic domain of Hos3 to the Sir complex sites and can reverse the
silencing or mating defects. Mutation of conserved catalytic resi-
dues renders the Sir3-Hos3 chimera unable to replace Sir2 (Supple-
mental Figure S3, B and C). Loss of deacetylase activity does not
perturb either the Hos3 protein level or its localization pattern (Sup-
plemental Figure S3, D and E).

In the case of the two chimeras, Sir3-Hos3(2-549) but not Sir3-
Hos3(2-697) can replace Sir2 as a functional HDAC (Figure 2C; Chou
et al., 2008). Because the normal endogenous Hos3 is localized to
the bud neck and SPB, we investigated the localization of these two

growing size of the bud. The images are rotated with the bud neck parallel to the horizontal axis. (D) Hos3-GFP

expressed from a high-copy 2 vector was imaged in wild-type cells. (E) Lo

calization pattern of Hos3 throughout the cell

cycle. Wild-type cells transformed with Hos3-GFP (CEN) and the SPB marker Tub4-RFP (CEN) were analyzed by
fluorescence microcopy. Cells are shown at various cell cycle stages: i) unbudded, ii) budding, iii) post SPB duplication,
iv) spindle elongation, and v) nuclear segregation. The images are rotated with the bud neck parallel to the horizontal

axis. Tub4-RFP appropriately labels the SPBs but not the kinetochores.
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FIGURE 3: Septins and four proteins identified via mutant screening are required to target Hos3
to the bud neck. (A) Wild-type cells transformed with Hos3-GFP (CEN) and the septin reporter
Cdc10-RFP (CEN) were analyzed by fluorescence microcopy. (B, C) Septins are required to target
Hos3 to the bud neck. (B) Hos3-GFP (CEN) was imaged in wild-type cells or heat-sensitive
cdc3-3 and cdc11-6 septin mutants at room temperature (RT) and after 1-h shift to restrictive
temperature (37°C). (C) Hos3-GFP (CEN) was imaged in shs1A cells transformed with an empty
vector or a CEN vector bearing Shs1. (D) Quantification of data from B and C. Cells were
categorized into three groups based on the pattern of Hos3 at the neck. N = 300 cells. The error
bar represents SEM. (E) Wild-type cells transformed with Hos3-GFP (CEN) and Cdc10-RFP (CEN)
were analyzed by fluorescence microcopy after 2 h of treatment with dimethyl sulfoxide (DMSO)
or 2 pg/ml tunicamycin (Tm) at 30°C. (F) Screening identified four mutants deficient in Hos3 neck
association. Hos3-GFP (CEN) was imaged in i) hsl14, ii) hsl74, iii) elm14, and iv) gin4A cells
transformed with an empty vector or a single-copy vector bearing a copy of the wild-type gene
as control. (G) Quantification of cells in F was performed as in D.

Sir3-Hos3 fusion proteins. The functional Sir3-Hos3(2-549)-green
fluorescent protein (GFP) chimera is correctly targeted to the Sir
complex sites, but the nonfunctional Sir3-Hos3(2-697)-GFP chimera
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is not (Figure 2, C and D). Therefore the rea-
son Sir3-Hos3(2-697) appears nonfunctional
in this assay is most likely due to a targeting
rather than an enzymatic defect. The Sir3-
Hos3 chimera data demonstrate that the
core domain of Hos3 can act as a lysine
deacetylase when forced to the sites of Sir2
function. Together these results suggest
that Hos3, which normally localizes to the
bud neck and the daughter SPB, is likely to
function as a lysine deacetylase at these
specific sites. The regions that enable Hos3
to reside at the mother-bud neck and SPB
are located outside the core catalytic do-
main. The unique localization pattern of en-
dogenous Hos3 therefore likely reflects its
action on nonnuclear targets.

Septins and four regulators are
required for Hos3 localization at the
bud neck

We next examined the mechanism by which
Hos3 is recruited to the bud neck. Hos3 is a
soluble protein, and sequence analysis re-
veals no potential transmembrane or lipid-
binding domain. Neither microtubule depo-
lymerization by nocodazole nor inhibition of
actin filament assembly by latrunculin B
caused any change of Hos3 neck localiza-
tion (unpublished data). However, we found
that septins are necessary for the bud neck
localization of Hos3. Septin subunits assem-
ble into high-order filaments and form an
hourglass structure at the bud neck, serving
as a scaffold to recruit other proteins and as
a diffusion barrier between the mother and
daughter cells (reviewed in Oh and Bi, 2011).
Hos3 colocalizes with septins (Figure 3A).
Inactivation of two essential septin subunits
(Cdc3 and Cdc11) or deletion of the nones-
sential subunit (Shs1) results in the loss of
Hos3 full-ring pattern at the neck (Figure 3,
B-D). Septin morphology can also be per-
turbed by tunicamycin (Tm) treatment
(Babour et al., 2010). Accordingly, Hos3 dis-
sociates from the neck upon addition of Tm
(Figure 3E). These results demonstrate that
the localization of Hos3 at the mother-bud
neck is septin dependent.

Although septins are necessary for Hos3
neck localization, we wanted to know
whether septins act directly or indirectly in
Hos3 neck recruitment, as septin neck as-
sociation is an established requirement for
other proteins known to associate in this re-
gion. To uncover how Hos3 is localized to
the neck, we took a targeted approach and
screened a pool of ~120 mutants covering
genes important for bud-neck assembly,

cell-cycle regulation, and polarity establishment (Drees et al., 2001;
Markus and Lee, 2011; Howell and Lew, 2012; Supplemental Table
S1). Four mutants were identified as hits from our screen: hsl14,

Molecular Biology of the Cell
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FIGURE 4: The Hsl1-Hsl7 module of the morphogenesis checkpoint regulates Hos3 neck
localization. (A) Localization of Hos3-GFP (CEN) in mih14 and swe 1A cells. (B) Increasing the
level of active Hsl1 rescues Hos3 to the neck. Hos3-GFP (CEN) was imaged in elm14 and gin4A
cells transformed with a CEN vector bearing Hsl1. Hs|7-RFP localization is shown for
comparison, as the increased level of Hsl1 also restores Hsl7 bud-neck association. (C) Rescue of
Hos3 neck localization with active Hsl1 requires both the presence and neck association of Hsl7.
(i) Increasing Hsl7 levels by providing an extra copy of Hsl7 in elm14 and gin4A cells does not
restore Hos3-GFP (CEN) neck localization. (ii) Hos3-GFP (CEN) was imaged in double-mutant
elm1A hsl7A and gin4A hsl7A cells transformed with an empty vector or a CEN vector bearing
Hsl1. (D) Summary of the reciprocal localization profile. Cells (Supplemental Figure S6, A-F) were
recorded for the neck patterns of Hos3 and its regulators. The first group examined the neck
localization of the RFP marker in cells with the genotype indicated on the left, transformed with
the different marker plasmids indicated in the header. The second group displays the pattern of
Hos3 localization assayed simultaneously in the same cells. The localization pattern was assigned
into one of four categories as indicated: —, absence from the neck; +, as a defective ring; ++, as
an incomplete ring; +++, as a full ring at the neck.

hsl74, elm14, and gin4A. Hos3 is completely absent from the neck
in hsl1A and hsl7A cells (Figure 3, F, (i) and (i), and G). The localiza-
tion defect is less severe in elm14 and gin4A cells, where Hos3 fails
to form a full ring (Figure 3, F, (iii) and (iv), and G). Reintroduction of
each deleted gene from a plasmid rescues Hos3 localization to the
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neck as a full ring (Figure 3, F and G). The
level of Hos3 is comparable between wild-
type cells and the four hit mutants, arguing
that the observed localization defect is not
due to Hos3 down-regulation (Supplemen-
tal Figure S4A). Hsl1, Hsl7, Elm1, and Gin4
are all neck-localized proteins and thus
could play a structural role in targeting
Hos3.

In addition to Hsl1 and Gin4, Kcc4 is a
third member of the partially redundant
Nim1-related kinases (Longtine et al., 1998;
Barral et al., 1999). However, Hos3 showed
no localization defect in kcc4A mutant cells
(Supplemental Figure S4B). Similarly, Hos3
localization was unperturbed in a mutant of
another kinase, Cla4, that localizes to the
neck and is involved in septin filament as-
sembly and localization (Weiss et al., 2000;
Versele and Thorner, 2004; Supplemental
Figure S4B). These data suggest that the
four hits from the screening are specific reg-
ulators of Hos3 neck localization.

The Hsl1-Hsl7 module of the
morphogenesis checkpoint targets
Hos3 to the neck

Al four of the identified genes responsible
for Hos3 neck localization are involved in
the regulation of morphogenesis (Blacketer
et al., 1993; Longtine et al., 1998; Lew and
Burke, 2003). Together with septins, these
proteins are part of an integrated morpho-
genesis checkpoint that monitors the coor-
dination between bud growth and mitotic
entry (Lew, 2000; Lew and Burke, 2003;
Keaton and Lew, 2006; Howell and Lew,
2012).

To delineate how Hos3 responds to the
action of EIm1, Gin4, Hsl1, and Hsl7, we
wanted to understand how Hos3 neck re-
cruitment responds to the established signal
transduction framework of the morphogen-
esis checkpoint. Deletion of either MIHT or
SWET had no effect on Hos3 neck localiza-
tion (Figure 4A). Furthermore, inactivation
of the morphogenesis checkpoint causes a
Swel-dependent G2 delay, but release of
this cell cycle delay in the septin or hit mu-
tants does not restore Hos3 full-ring local-
ization (Supplemental Figure S5A). Hos3 is a
potential Cdc28 substrate, so it is possible
that phosphorylation by Cdc28 is required
for Hos3 neck localization (Holt et al., 2009).
However, Hos3 with all four Cdc28 consen-
sus sites mutated to alanine displays a wild
type-like pattern of localization (Supplemen-

tal Figure S5B). These data suggest that the recruitment of Hos3 to
the neck is upstream of cyclin-dependent kinase (CDK) regulation.
Remarkably, an extra copy of plasmid-borne Hsl1 rescues Hos3
to the neck as a full ring in elm 14, gin4A (Figure 4B), and even elm14
gin4A double-mutant cells (Supplemental Figure S5C). The rescue
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effect is dependent on Hsl1 kinase activity (Supplemental Figure
S5D; Theesfeld et al., 2003). These results indicate that for Hos3 as-
sembly at the neck, the loss of Hsl1 activation by upstream Elm1 and
Gin4 could be compensated by increasing the level of Hsl1 to bring
Hsl1 activity over a threshold sufficient to enable neck recruitment.
Hsl1 restored to the neck further recruits both Hsl7 and Hos3 (Figure
4B). These data indicated that the recruitment of Hos3 to the neck
is downstream of EIm1 and Gin4 action.

The Hsl1 overexpression rescue phenotype appeared depen-
dent on the ability of Hsl1 to restore Hsl7 to the neck because the
same rescue effect could not be obtained by simply increasing the
levels of Hsl7 in elm714 or gin4A mutant cells, a situation in which
Hsl7 is unable to be recruited to the bud neck (Figure 4C, (i)).
Neither could rescue be achieved by expressing an extra copy of
Hsl1 in elm1A hsl7A or gin4A hsl7A double-mutant cells (Figure 4C,
(ii)). All of the foregoing data suggest that the recruitment of Hos3
to the neck is downstream of EIm1 and Gin4 action and directly
dependent on the Hsl1-Hsl7 module.

To further dissect the genetic network responsible for Hos3
neck localization (septins and genes identified by screening), we
performed a reciprocal localization study (Figure 4D and Supple-
mental Figure S6, A-F). We recorded the neck localization pat-
terns for both Hos3 and a member of the genetic network for each
mutant strain indicated. A summary of these pairwise observations
is shown in Figure 4D. The 30 pairs of observations were divided
into two groups. The first group examined the neck localization of
a red fluorescent protein (RFP)-tagged copy of each individual
member of the network responsible for Hos3 localization. The sec-
ond group simultaneously assayed the pattern of neck Hos3 local-
ization. Each RFP marker and Hos3-GFP pair was recorded for
mutants of all genes in the network (shsTA cells were used as a
representative of septin mutants). As expected, a marker plasmid
expressed in a mutant cell line of that particular gene has normal
localization of both itself and Hos3. As described in the preceding
sections, pairwise observations indicated the dependence of Hos3
neck localization on the septins and HSL1, HSL7, ELM1, and GIN4
genes. Of this set of genes, the marker whose localization profile
most closely resembles the patterns of Hos3 localization was Hsl7.
Not only does Hsl7 display the best pattern match, we found that
whenever Hsl7 and Hos3 markers were examined simultaneously,
Hos3 was always observed with Hsl7 at the bud neck (Supplemen-
tal Figure S6, A-F, row 3). The Hsl1 localization pattern partially
matches that of Hos3, with the exception of hsl74 cells (Supple-
mental Figure S6D, row 2). Moreover, Hsl1 and Hsl7, similarly to
Hos3, localize only to the daughter side of the neck (septins local-
ize to both sides; EIm1 and Gin4 are situated in the middle of the
bud neck; Supplemental Figure S6A). Of even more interest, tar-
geting of both Hsl1 and Hsl7 to the neck is largely abolished in
shs14, elm14, and gin4A mutants, suggesting that septins, EIm1,
and Gin4 are required for Hos3 neck localization only because
they function upstream of Hsl1 and Hsl7 to recruit this module to
the bud neck.

Neck-localized Hsl7 binds and recruits Hos3

Our experimental data suggested three mutually exclusive scenar-
ios for the involvement of the Hsl1-Hsl7 module in Hos3 neck re-
cruitment: 1) Hsl1 alone, 2) Hsl1 and Hsl7 together, or 3) Hsl7 alone
is responsible for the recruitment of Hos3 to the neck. In the ab-
sence of HSL7, Hsl1 localizes as a full ring at the neck but is insuffi-
cient to target Hos3, arguing against the first scenario (Supplemen-
tal Figure S6D, row 2). Consistent with the other two scenarios in
which Hsl7 is required, deletion of HSL7 completely abolishes the
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ability of overexpressed Hsl1 to rescue Hos3 neck localization
(Figure 4, C, (i), compared with B).

We next determined whether the involvement of Hsl1 was a re-
sult of its ability to target Hsl7 to the bud neck (McMillan et al.,
1999; Shulewitz et al., 1999). Hsl1 physically associates with Hsl7,
suggesting that Hos3 recruitment could be directly or indirectly de-
pendent on Hsl1. We tested this by using an Hsl7K254E mutant
that fails to bind Hsl1 (Cid et al., 2001). The inability of Hsl1 to as-
sociate with Hsl7K254E results in the failure to target Hos3 to the
bud neck (Figure 5A). This suggests that Hsl1 functions in Hos3
bud-neck recruitment via its ability to recruit Hsl7. To examine this
question, we created a cell line in which Hsl7 was targeted to the
bud neck in an Hsl1-independent mechanism. Fusing Hsl7 to the
bud neck kinase Gin4 creates a chimera that localizes to the neck
independent of endogenous Hsl7 or Hsl1 (Figure 5B). The Hsl7 por-
tion of the chimera is able to rescue Hos3 to the neck in hsl74 mu-
tant cells (Figure 5B, top). The Gin4-Hsl7 chimera also targets Hos3
to the neck in the hsl/7A mutant (Figure 5B, bottom). Therefore
neck-localized Hsl7 alone is sufficient to recruit Hos3. Hsl1 is neces-
sary for Hos3 neck recruitment due to its function in targeting and
activating Hsl7 at the neck; recruitment of Hsl7 in a manner inde-
pendent of Hsl1 is able to bypass this requirement.

These results strongly argue for a direct physical interaction be-
tween Hsl7 and Hos3 at the neck. We examined this possibility with
two independent methods. First, we looked for physical association
between the two proteins and were able to coimmunoprecipitate
endogenous Hos3 with endogenous Hsl7 (Figure 5C). Second we
tested whether the physical interaction between Hsl7 and Hos3
could be confirmed in vivo. Sec2, a guanine nucleotide exchange
factor for Rab GTPase Sec4, is involved in post-Golgi exocytosis and
is localized on polarized secretory vesicles (Figure 5D, top; Walch-
Solimena et al., 1997). In wild-type cells, endogenous Hsl7 recruits
Hos3 to the neck, and an exogenous Sec2-Hsl7 chimera is sufficient
to target Hos3 to the post-Golgi vesicles (Figure 5D, bottom). Dele-
tion of HSL7 or HSLT in cells expressing the Sec2-Hsl7 chimera re-
sults in Hos3 dissociation from the neck but not from the vesicles
(Figure 5E). In conclusion, Hsl7 physically interacts with and recruits
Hos3 to the bud neck.

Understanding the role of neck-localized Hos3
Having uncovered the mechanism that asymmetrically targets
Hos3 to the bud neck, we sought to understand how this could
affect the physiological functions of Hos3. Hos3 is not involved in
assembling septins and is not required for Gin4, EIm1, Hsl1, or
Hsl7 recruitment at the bud neck, suggesting it acts downstream
of the septins and septin-associated morphogenesis network (Sup-
plemental Figure S7A). We also observed no cytokinesis defect in
hos3A cells (unpublished data). Therefore Hos3 does not appear
to play an essential structural role at the bud neck. We next exam-
ined whether Hos3 could be a member of the morphogenesis
checkpoint. Deletion of HSL1 or HSL7 inactivates the morphogen-
esis checkpoint and results in a G2 delay, but hos34 cells are not
enriched for the G2/M subpopulation (Supplemental Figure S7B).
In a different W303 strain background, the G2 delay of hsl74 cells
is readily apparent from their elongated morphology and temper-
ature sensitivity, whereas hos34 cells display neither of these de-
fects (Supplemental Figure S7, C and D). Therefore, whereas the
morphogenesis checkpoint is important in targeting Hos3 to the
neck, Hos3 does not appear to be a member of this signaling
pathway.

Another attractive hypothesis is that neck localization is required
to load Hos3 asymmetrically onto the daughter SPB. However, Hos3
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was eluted with SDS-PAGE sample buffer and analyzed by immunoblotting against HA or Myc epitope tag. The star
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localization. Hos3-GFP (CEN) and Sec2-RFP (CEN) were coimaged in wild-type cells (D, (i)). Hos3-GFP (CEN) and a
chimera of Sec2-Hsl7-RFP (CEN) were coimaged in wild type cells (D, (ii)) or hsl7A, hsl14, and hsl1A4 hsl7A cells (E).
Triangles indicate the sites of colocalization between Hos3-GFP and the exocytic vesicles marked with the Sec2-Hsl7-

RFP chimera.

is correctly targeted onto the daughter SPB in hsl7A cells (Supple-
mental Figure S7E). Finally, deletion of several HDACs, including
HOS3,suppresses the temperature sensitivity of a strain containing
a mutation in the anaphase-promoting complex, apc5CA (Turner
et al., 2010). In contrast, deletion of HSL7 fails to do so, indicating
that neck localization is dispensable for this Hos3-associated ge-
netic interaction (Supplemental Figure S7F).

To understand Hos3 function further, we decided to examine
more closely a striking aspect of Hos3 asymmetric association with
the daughter SPB (Figure 1F). The SPBs organize cytoplasmic micro-
tubules, which, together with motor proteins, are instrumental for
positioning and segregating the nucleus (Jaspersen and Winey,
2004). A selective association with the daughter SPB indicates that
Hos3 has the ability to discriminate between the two SPBs. In yeast,
these are asymmetrically positioned in the mother and daughter
cells, with the mother cell retaining the newly duplicated SPB. Loss
of the cytoplasmic dynein heavy chain Dyn1 results in a significant
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number of cells with misaligned spindles (Li et al., 1993). In this
situation the SPBs may not be partitioned between the mother and
daughter cells. We asked what would happen to Hos3 SPB localiza-
tion under these conditions. Of interest, we found that Hos3 is
loaded onto both SPBs in dynTA cells with misaligned spindles
(Figure 6A, (i)). In comparison, for the fraction of dyn14 cells that
possess well-aligned spindles, Hos3 is still observed to be asym-
metrically targeted onto the daughter SPB as seen in wild-type cells
(Figure 6A, (i) and (iii)). Besides dynein, the dynactin complex and
the cortical protein Num1 are also essential for positioning the nu-
cleus (Heil-Chapdelaine et al., 2000). Loss of dynactin components
(Arp1, Jnm1, and Nip100) or Num1 also gives rise to cells with mis-
aligned spindles. In these mutant cells, Hos3 was similarly targeted
onto both SPBs (Figure 6B). Furthermore, pharmacological interven-
tion with nocodazole inhibits microtubule polymerization and for-
mation of the spindle, resulting in SPB coalescence, observable as a
single focus that contains both SPBs. Similarly, in nocodazole-treated
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and Tub4-RFP (CEN) were coimaged in arp14, jnm14, nip1004, and
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microscopy. Owing to microtubule depolymerization, the spindle
collapsed and the two SPBs remained close, appearing as one focus.
Hos3 on the SPBs is indicated with an arrowhead. (D) Neck targeting
is required for the loading of Hos3 onto both SPBs in response to
spindle misorientation. Hos3-GFP (CEN) and Tub4-RFP (CEN) were
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cells, Hos3 can be observed as a single focus (Figure 6C). These
data indicate that Hos3 is normally asymmetrically localized but can
be symmetrically loaded onto both SPBs in response to a spindle
orientation defect.

We next asked whether Hos3 neck localization would be required
for its response to spindle misorientation. Deletion of HSL7 abol-
ishes Hos3 association with the bud neck in dyn1A4 cells, and, of in-
terest, dyn1A4 hsl7A cells with misaligned spindles become unable to
efficiently load Hos3 onto both SPBs (Figure 6, D and E). These data
suggest that Hsl7 is essential for the response, and neck-localized
Hos3 may function as a “sensor” of the spindle orientation defect
and facilitate a cellular response by loading Hos3 onto both SPBs.

Hos3 is a novel component of the spindle position
checkpoint

At least three other proteins (Bub2, Bfa1, and Kind) are known to
bind both SPBs in cells with misaligned spindles (D'Aquino et al.,
2005; Pereira and Schiebel, 2005). Bub2 and Bfa1 together act as a
two-component GTPase-activating protein (GAP) that negatively
regulates Tem1 GTPase, a key regulator of the mitotic exit network
(MEN; Bardin and Amon, 2001). Kin4 functions as another negative
regulator of the MEN through phosphorylating Bfal and preventing
its inactivation by Cdc5 polo-like kinase (D'Aquino et al., 2005;
Pereira and Schiebel, 2005; Maekawa et al., 2007) These three pro-
teins are all members of the SPOC, which monitors spindle orienta-
tion before committing the cell to mitotic exit (Caydasi et al., 2010a).
The SPOC inhibits the activation of the MEN until the mitotic spin-
dle is aligned properly along the mother-bud axis; when the spindle
is misaligned, the SPOC causes cells to arrest at anaphase (Caydasi
et al., 2010a).

In response to spindle misorientation, SPOC members are
loaded onto both SPBs to act as a brake upon the MEN (D'Aquino
et al., 2005; Pereira and Schiebel, 2005). Given its similar SPB asso-
ciation feature, we asked whether Hos3 could function as a SPOC
component. Inactivation of the SPOC by loss of Bub2, Bfa1, or Kin4
causes cells with misaligned spindles to nevertheless exit mitosis,
so the cell population is reduced for “arrested” but increased for
“bypassed” spindle morphology (D’Aquino et al., 2005). Similarly,
upon loss of Hos3, cells with misaligned spindles were defective in
mitotic arrest and enriched for the “bypassed” subpopulation
(Figure 7A). Of interest, dyn1A4 hsl7A cells are also compromised for
the SPOC, consistent with the requirement of neck-localized Hos3
to respond to spindle misalignment (Figure 7A). The lysine deacety-
lase activity is required for Hos3 to function in the SPOC, as cells
with a Hos3 allele containing point mutations in two key catalytic
residues, Hos3M17¢E D23IN " are unable to promote mitotic arrest
(Figure 7B). These data suggest that upon spindle misorientation,
Hos3 is loaded onto both SPBs to deacetylate potential substrate(s)
and inhibit mitotic exit.

Spindle misorientation activates the SPOC by loading its compo-
nents onto both SPBs. Consequently, for cells with well-aligned
spindles, constitutive association of SPOC components with both
SPBs would still inhibit mitotic exit. Indeed, when overexpressed,
Bub2 mildly inhibits cellular growth, whereas Bfal or Kin4 causes

coimaged in dyn14 hsl7A cells. Shown are cells with misaligned
spindle that load Hos3 onto only one or none of the two SPBs.
Arrowhead points to Hos3 on one SPB. (E) Quantification of cells with
misaligned spindle in A and D. Cells were categorized into three
groups based on association of Hos3 with none, only one, or both of
the two SPBs. N = 100 cells with misaligned spindle.
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both driven under a galactose-inducible promoter, were analyzed as in C. (F) hos34 cells, transformed with an empty
vector or 2 p vectors bearing Bub2, Bfa1, and Kin4 all driven under a galactose-inducible promoter, were analyzed as in
C. (G) bub24, bfa14, and kin4A cells, transformed with an empty vector or 2 p vector bearing Hos3 driven under a
galactose-inducible promoter, were analyzed as in C.
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lethality (Ro et al, 2002; D'Aquino et al., 2005). Similarly, cells
expressing high levels of Hos3 have significantly reduced cellular
fitness and the association of Hos3 with both SPBs (Figure 7C). This
property is likely due to an apparent delay in mitotic exit (Figure 7D)
and is critically dependent on the lysine deacetylase activity of Hos3,
as overexpression of HDAC-dead Hos3H1%¢E D23IN does not inhibit
growth (Figure 7E). Taken together, these data suggest that Hos3
functions as a SPOC component.

Given the remarkable similarity of phenotypic behavior between
Hos3 and the known SPOC components, we further investigated
their interdependence. Overexpression of the known SPOC compo-
nents does not rescue the growth defect observed in the absence of
Hos3 (Figure 7, F, compared with C). This is expected, since if Hos3
was required for loading the known SPOC components onto both
SPBs, hos3A cells would display a severe rather than a partial SPOC
defect, and the data in Figure 7A indicate that this is not the case.
On the other hand, the reduced fitness by the overexpression of
Hos3 is not affected by the absence of the known SPOC compo-
nents (Figure 7, G, compared with C). This may suggest that the in-
volvement of Hos3 in the SPOC is independent of these established
components. Together the data argue for a novel SPOC role of
Hos3 acting by a still largely unknown mechanism that could be in
parallel with rather than dependent on the known Bub2/Bfa1/Kin4
pathway.

DISCUSSION

Role of Hos3 neck targeting for its SPB function

Our data establish that Hos3 displays a localization that is highly
distinctive among known lysine deacetylases and tightly regulated
in coordination with the cell cycle. In normally dividing yeast cells,
Hos3 is a neck- and daughter SPB-localized protein. In such cells,
the plane of cell division is defined by the bud neck, and the old SPB
is inherited by the daughter cell, whereas the newly created SPB
remains in the mother cell. The daughter SPB must traverse the
plane circumscribed by the septin neck ring to establish the correct
axis of spindle orientation. Once the correct spindle axis has been
established, the daughter SPB acquires Hos3, and cells exit mitosis.
In cells with impaired nuclear positioning such as dynTA mutants,
cells invoke a cell cycle delay and fail to exit mitosis until the spindle
is correctly aligned. In this situation, we show that Hos3 is now re-
cruited onto both SPBs and, of importance, that the prior associa-
tion of Hos3 with the neck is necessary for this response to spindle
misalignment.

Hos3 functions as SPOC component

A key feature shared among SPOC components is that they dis-
play cell cycle-dependent and asymmetric association with the
SPB in unperturbed anaphase cells but are recruited simultane-
ously onto both SPBs in response to spindle misalignment. For
example, the Bub2-Bfal complex, like Hos3, is only seen on the
daughter SPB, whereas Kin4 transiently localizes to the mother
SPB (Pereira et al., 2000; Pereira and Schiebel, 2005; this study).
The fact that Hos3 shares these key SPOC features prompted us to
ask whether Hos3 is also a member of the SPOC. Two additional
experiments suggest that Hos3 does indeed function as a SPOC
component. First, the presence of Hos3 is necessary for the opera-
tion of the SPOC. In hos3A mutants, cells with a misaligned spin-
dle were defective in mitotic arrest in a manner similar to the dele-
tion of known SPOC component members (Figure 7A). Second,
overexpression of Hos3 caused significantly reduced cellular fit-
ness due to an apparent delay of mitotic exit (Figure 7, C and D).
This physiological response is also observed when other SPOC
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components are constitutively overexpressed even in the pres-
ence of a normally aligned spindle.

How is Hos3 recruited to the bud neck?

Our results suggest that the Hos3 association with the neck is under
the control of the morphogenesis checkpoint. The morphogenesis
checkpoint is controlled by a series of hierarchical signaling events
coordinated with cell cycle progression (reviewed in Howell and
Lew, 2012). During our initial screening to identify mutants defec-
tive in Hos3 neck localization, we discovered that Hos3 remains
cytosolic in mutants that fail to grow a bud, either via defects
in bud site selection or polarization of Cdc42 (Supplemental Table
S1). After budding, the septin ring is required for Hos3 neck local-
ization, consistent with the role of septins as scaffolds for the
recruitment of many bud neck-associated proteins. Addition of
latrunculin B or nocodazole had no effect on the Hos3 neck pattern.
This could be explained by the discovery that the downstream out-
puts of Cdc42 are largely independent of each other (Howell and
Lew, 2012).

We propose the following sequence of events for the association
of Hos3 to the bud neck: 1) Septins provide the initial scaffold to
recruit several downstream proteins such as the Swe1 regulator ki-
nases (Keaton and Lew, 2006); 2) ElIm1 and Gin4 are essential to
target and activate Hsl1 at the daughter side of the neck; 3) Hsl1
interacts with Hsl7; and 4) Hos3 is recruited to the neck via a direct
interaction with Hsl7.

Although the morphogenesis checkpoint regulates Hos3 neck
targeting, Hos3 is not a component of this checkpoint that regulates
mitotic CDK activity (Supplemental Figure S7, C and D). This raises
the question of why the cell uses the morphogenesis checkpoint to
recruit Hos3 to the bud neck. One suggestion may be that such
targeting machinery allows Hos3 to establish its SPOC response ca-
pability only at the appropriate phase of the cell cycle. Anaphase
spindle elongation and orientation are monitored before mitotic
exit but after mitotic entry. Therefore the SPOC functions between
these two critical cell cycle landmarks. Because the morphogenesis
checkpoint regulates mitotic entry, a neck-localized, Hsl7-depen-
dent targeting of Hos3 guarantees Hos3 neck association only after
the cell successfully enters the mitosis. Thus, after being targeted to
the neck by Hsl1, Hsl7 likely plays two parallel functions: 1) to direct
Swe1 for degradation and 2) to recruit Hos3 to the bud neck so that
Hos3 is ready to function in the SPOC. In this manner, the involve-
ment of the morphogenesis checkpoint allows Hos3 neck targeting
only after appropriate mitotic entry, and from this moment on until
mitotic exit, neck-localized Hos3 monitors spindle orientation as a
component of the SPOC.

A second rationale for cells to make use of the morphogenesis
checkpoint to recruit Hos3 to the bud neck would be that such tar-
geting machinery directs Hos3 to a spatially appropriate cellular site
for monitoring spindle orientation. Given that the Hsl1-Hsl7 module
is asymmetrically neck associated, the asymmetry of Hsl7 explains
the asymmetry of Hos3. The bud neck, where Hos3 is targeted,
serves as a critical landmark for spindle alignment (Castillon et al.,
2003). A mother-bud axis exists upon polarity establishment until cy-
tokinesis. As the cells go through anaphase, the spindle elongates,
and the cytoplasmic microtubules pull the daughter SPB toward the
daughter cell. Once this machinery moves the daughter SPB through
the bud neck and into the nascent daughter cell, a correct spindle
orientation is achieved. In contrast, a spindle orientation defect
occurs if there are defects in the microtubule-dependent dynein
pathway and the daughter SPB does not pass through the bud neck
remaining within the mother cell. Hos3 appears to piggyback on the
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morphogenesis checkpoint in order to be targeted to a convenient
site for monitoring spindle orientation.

Cross-talk between the morphogenesis checkpoint

and the SPOC?

The appropriate temporal regulation of the cell cycle guarantees
correct division and inheritance between dividing cells. After DNA
replication and cellular growth, when to enter and subsequently
when to exit mitosis are key decisions for cells. The morphogenesis
checkpoint regulates mitotic entry by modulating mitotic CDK activ-
ity. A variety of different physiological signals affect the operation of
the morphogenesis checkpoint. In the presence of conditions that
delayed daughter cell formation, cells spend longer in G2 of the cell
cycle through the action of the morphogenesis checkpoint to allow
mitotic entry only after cells readapt and grow a bud. In this manner,
the morphogenesis checkpoint ensures that nuclear division
happens only after budding.

After budding and nuclear replication, the two nuclei need to be
separated parallel to the mother-bud axis to segregate correctly be-
tween the mother and daughter cells. This process of spindle posi-
tioning is dependent on the microtubule-dynein pathway and is
monitored by the SPOC. On correct spindle elongation and posi-
tioning, the MEN activates mitotic exit. The SPOC monitors this sta-
tus by inhibiting the MEN in case of spindle misorientation, ensuring
that cells only exit mitosis after the spindle is correctly elongated
and aligned.

Given its unique localization features in response to the action of
morphogenesis checkpoint components and action in response to
spindle misalignment, one speculative suggestion is that Hos3 may
directly facilitate cross-talk between mitotic entry and exit, between
the morphogenesis checkpoint and the SPOC. There is a precedent
for such cross-talk. ElIm1, the morphogenesis checkpoint member
localized to the bud neck, facilitates the activation of the SPOC ki-
nase Kin4 (Caydasi et al., 2010b; Moore et al., 2010). This suggests
that the SPOC will be ready only after the morphogenesis check-
point allows mitotic entry. Both Elm1 and Hos3 are recruited to the
bud neck under the control of the morphogenesis checkpoint. Elm
is itself a morphogenesis checkpoint member but not a SPOC mem-
ber, and Hos3 is a SPOC component but not a member of the mor-
phogenesis checkpoint. The benefit of this is the coordination of
two checkpoints to facilitate an overall progression of consecutive
events during the cell cycle.

Regulation of the SPOC components through targeting
onto SPBs

A model for selective Hos3 targeting onto the SPBs might also apply
to Bub2 and Bfa1, which display similar SPB-association features.
The mechanism(s) by which Bub2 and Bfa1 are selectively loaded
onto the daughter SPB in normal cells are unknown. Electron micro-
graphs show that both Bub2 and Bfa1 are deposited onto the cyto-
plasmic side of the SPB (Daum et al., 2000). Given the cytoplasmic
localization of Hos3, it is reasonable to assume that the same applies
to Hos3. We favor a model in which an unknown outer-plaque SPB
component physically recruits Hos3 to the SPB and this component
is associated with both SPBs, as Hos3 can potentially associate with
both SPBs. This raises the question of how Hos3 is selectively loaded
onto the daughter SPB in normal cells. One can envisage two alter-
native scenarios. Either there is an inhibitory zone exclusively within
the mother cell to inhibit the interaction between Hos3 and the SPB,
thus preventing Hos3 loading when the SPBs are still in the mother
cell, or, alternatively, there is an activation zone within the daughter
cell that drives Hos3 to associate with the daughter SPB. Our data
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show that in cells containing a misaligned spindle, both SPBs can be
loaded with Hos3. We know that the NH2-terminus is required for
the asymmetric Hos3 response. When this region is deleted,
Hos3(NA) constitutively associates with the SPBs. These data sug-
gest that the model of a “mother-cell-bound inhibitory zone"” estab-
lishing an asymmetric pattern of SPB is the most parsimonious
model. Because the cytosol is shared between the mother and
emerging daughter cells, one possible mechanism to establish such
an inhibitory zone is via proteins localized only to the mother cell
cortex. Of interest, the SPOC component Kin4 localizes to the
mother cell cortex throughout the cell cycle and was proposed to
establish a mother-cell-restricted inhibitory zone for the MEN (Chan
and Amon, 2009). In the presence of spindle misorientation, in addi-
tion to the SPOC response, the Kin4-based inhibitory zone further
prevents MEN activation by excluding Tem1 from binding to both
SPBs within the mother cell. In anaphase cells with normal spindles,
Tem1 is loaded onto the daughter SPB to be activated, as the daugh-
ter cell is devoid of the Kin4-based inhibitory zone (Chan and Amon,
2009). Our proposed inhibitory zone for Hos3 would be analogous
to the Kin4 inhibitory zone for Tem1 but differs in critical aspects.
Hos3 is a SPOC component, but Tem1 is a MEN member. Therefore
they have contradictory functions in promoting mitotic exit. More-
over, if Kin4 is responsible for establishment of a Hos3 inhibitory
zone, Hos3 should be loaded constitutively and symmetrically onto
the SPBs in kin4A cells, but this is not the case (unpublished data).

A key question for future studies is the identity of the unknown
SPB component that recruits Hos3. A large-scale physical interac-
tion screen identified an association between Hos3 and a SPB com-
ponent, Cdc31 (Krogan et al., 2006). Cdc31 is a potential candidate
as the SPB recruiter for Hos3, but it remains to be established
whether this interaction is direct.

Expansive view of lysine deacetylases

Finally, does our discovery of the novel function of Hos3 indicate a
broader view of lysine deacetylases? We showed that the KDAC
activity is not required for Hos3 localization (Supplemental Figure
S3E) but is essential for its SPOC response. KDAC-dead
Hos3H196E,D231N is unable to efficiently arrest anaphase cells
with misaligned spindle (Figure 7B), nor could it inhibit the fitness of
wild-type cells when overexpressed and associated with both SPBs
(Figure 7E). These results lead to a novel role of reversible lysine
acetylation in the regulation of mitosis.

Could KDACs play similar roles in other organisms? Members of
the morphogenesis checkpoint and the SPOC have similar players
in other organisms (e.g., Hsl7 as the homologue of human PRMT5;
Bub2/Bfa1 as the homologue of fission yeast Cdc16/Byr4; Li, 1999;
Lee et al., 2000). However, the mechanism by which these entities
regulate asymmetric cell division and its applicability to higher eu-
karyotes is largely an open question. Both budding yeast and mam-
mals use a microtubule-based mobility system as a driving force to
separate SPBs/centrosomes (Pereira and Yamashita, 2011). Of even
more interest, the two SPBs in budding yeast and the two cen-
trosomes in multicellular organisms display similar features of speci-
fied asymmetry. In budding yeast, the mother cell retains the newly
duplicated SPB, whereas the daughter cell inherits the old SPB
(Pereira et al., 2001; Hotz et al., 2012). In Drosophila male germline
stem cells, the differentiating cell retains the daughter centrosome,
whereas the mother centrosome is inherited by the cell that retains
stem cell identity (Yamashita et al., 2007).

Given the highly conserved regulation of spindle orientation,
if the spindle is not correctly aligned with respect to the polarity-
determining factors and mitosis persists, the outcome in budding
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yeast will be a binucleate mother cell and an anucleate daughter
cell. A similar situation for a mammalian cell results in aneuploidy,
which drastically induces genomic instability and is a hallmark of
systemic diseases such as cancer (Sen, 2000; Rajagopalan and
Lengauer, 2004; Pellman, 2007; Sheltzer et al., 2011). These consid-
erations suggest the existence of a mechanism functionally equiva-
lent to the SPOC in the budding yeast that acts as a surveillance
checkpoint to monitor spindle orientation in multicellular organisms.
Indeed, a similar checkpoint named the centrosome orientation
checkpoint (COC) has been found in Drosophila and activates a mi-
totic delay if the centrosomes are not properly oriented (Cheng
et al., 2008). The interesting difference between the SPOC and the
COC is that in budding yeast, the cell cycle is arrested by the SPOC
before mitotic exit, but in Drosophila it is arrested by the COC be-
fore commitment to mitosis, which is the point of the cell cycle mon-
itored by the morphogenesis checkpoint in budding yeast. It is
intriguing to consider whether higher organisms have adopted and
perhaps evolutionarily adapted a checkpoint that incorporates both
the morphogenesis checkpoint and the SPOC to monitor spindle
orientation to generate a reproducible and predictable outcome to
an asymmetric cell division. It is even more intriguing to speculate
on whether such checkpoints in higher organisms use lysine deacety-
lase enzymes in a manner similar to our observations of Hos3 in
budding yeast.

MATERIALS AND METHODS

Yeast strains and plasmids

All yeast strains and plasmids used in this study are listed in Supple-
mental Tables S2 and S3, respectively. Strains are of S288C back-
ground unless otherwise indicated. Cells with constructs integrated
at the genomic locus were grown to mid-log phase (ODggg = 0.6) in
yeast/peptone/dextrose (YPD) medium; cells transformed with re-
spective constructs were grown to mid-log phase (ODgp = 0.6) in
synthetic complete dropout media. Double mutants or double ge-
nomically tagged strains were created by selecting the appropriate
spore after sporulating the diploid cross between the two single
mutants or genomically tagged strains.

Microscopy

Fluorescence and differential interference contrast (DIC) microscopy
were performed using an Eclipse E600 microscope (Nikon, Tokyo,
Japan). Cells expressing GFP or RFP fusion constructs were grown
to mid-log phase in synthetic minimal medium and live imaged
through fluorescein isothiocyanate or rhodamine filters. A series of
z-stacks (1.6-3 pm in total depth with a 0.2-um step for each section)
were imaged by IPLab (Scanalytics, Milwaukee, WI). Raw data were
deconvolved and analyzed by AutoQuant X software (Media Cyber-
netics, Rockville, MD). Fluorescence images shown are maximum
projections of three-dimensional images.

Immunoblotting and immunoprecipitation

Genomically tagged cells were grown to mid-log phase (ODggg =
0.6) in YPD medium; cells transformed with respective constructs
were grown to mid-log phase (ODggp = 0.6) in synthetic complete
dropout (SCD) media. For immunoblotting, equal amounts of cells (a
total of 10 ODgqp) were collected by centrifugation and resuspended
in TAz buffer (10 mM Tris, 10 mM sodium azide, pH 7.5) together
with protease inhibitors (1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, T mM benzamidine, and 1 pg/ml pepstatin A). Cells were
then subjected to multiple rounds (three to five x1 min) of glass bead
beating and checked for effective lysis under the microscope (>90%
of cells were lysed). After spinning down the total cellular lysates, the
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supernatant was analyzed by SDS-PAGE and electrophoretically
transferred onto nitrocellulose membrane (Pall Corp.). The mem-
branes were blocked with 5% defatted milk in TBST (10 mM Tris,
pH 7.5, 150 mM sodium chloride, and 0.1% Tween-20), and probed
at room temperature with respective primary antibodies in TBST for
1 h and secondary antibodies in TBST for 30 min. Proteins of interest
were detected through horseradish peroxidase (HRP) activity with an
ECL kit (Pierce, Rockford, IL). For immunoprecipitation, cells were
lysed by bead beating in phosphate-buffered saline (PBS) buffer
(137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM so-
dium phosphate dibasic, 2 mM potassium phosphate monobeasic,
0.1% Triton X-100, pH 7.4) together with protease inhibitors (1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, T mM benzamidine, and
1 pg/ml pepstatin A). The total cellular lysates were clarified by cen-
trifugation, and the supernatant was prepared for incubation with
30 pl prewashed anti-hemagglutinin (HA) agarose resin (Invitrogen,
Carlsbad, CA) at 4°C for 4 h with gentle rocking. The resins were
then washed three times in 1 ml of PBS buffer and eluted with
SDS-PAGE sample buffer. After centrifugation of the resin, the
supernatant was analyzed by immunoblotting for the detection of
respective proteins. Antibodies used for this study were o-HA
(32-6700; Invitrogen), a-Myc (SC-40; Santa Cruz Biotechnology,
Dallas, TX), a-Clb2 (SC-9071; Santa Cruz Biotechnology), and o-
tubulin (9280-0050G; AbD Serotec, Raleigh, NC).

Flow cytometry

Cells were grown to mid-log phase (ODggp = 0.6) in YPD medium.
Equal numbers of cells (a total of ~0.8 ODyqg) were collected by
centrifugation and fixed with 70% ethanol at 4°C for ~12-14 h. Fixed
cells were resuspended in 50 mM sodium citrate buffer (pH 7.4),
sonicated for 15 s (50% cycle; Fisher Scientific Sonic Dismembrator)
at setting 30%, and incubated with 0.5 mg/ml RNase at 50°C for 1 h,
followed by 1 mg/ml proteinase K at 50°C for 1 h. After being spun
down, cells were resuspended in 50 mM sodium citrate buffer
(pH 7.4) and stained with 16 ug/ml propidium iodide in the dark at
room temperature for 30 min. Finally, cells were subjected to analysis
by an LSR Il flow cytometer (Becton Dickinson, Franklin Lakes, NJ)
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