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ABSTRACT Passage through the eukaryotic cell cycle requires processes that are tightly reg-
ulated both spatially and temporally. Surveillance mechanisms (checkpoints) exert quality
control and impose order on the timing and organization of downstream events by impeding
cell cycle progression until the necessary components are available and undamaged and have
acted in the proper sequence. In budding yeast, a checkpoint exists that does not allow
timely execution of the G2/M transition unless and until a collar of septin filaments has prop-
erly assembled at the bud neck, which is the site where subsequent cytokinesis will occur. An
essential component of this checkpoint is the large (1518-residue) protein kinase Hsl1, which
localizes to the bud neck only if the septin collar has been correctly formed. Hsl1 reportedly
interacts with particular septins; however, the precise molecular determinants in Hsl1 respon-
sible for its recruitment to this cellular location during G2 have not been elucidated. We
performed a comprehensive mutational dissection and accompanying image analysis to iden-
tify the sequence elements within Hsl1 responsible for its localization to the septins at the
bud neck. Unexpectedly, we found that this targeting is multipartite. A segment of the cen-
tral region of Hsl1 (residues 611-950), composed of two tandem, semiredundant but distinct
septin-associating elements, is necessary and sufficient for binding to septin filaments both in
vitro and in vivo. However, in addition to 611-950, efficient localization of Hsl1 to the septin
collar in the cell obligatorily requires generalized targeting to the cytosolic face of the plasma
membrane, a function normally provided by the C-terminal phosphatidylserine-binding KA1
domain (residues 1379-1518) in Hsl1 but that can be replaced by other, heterologous phos-
phatidylserine-binding sequences.

Received: Mar 17, 2016
Revised: May 6, 2016
Accepted: May 13, 2016

INTRODUCTION

In budding yeast, a filamentous superstructure is erected at the bud
neck composed of five members of the septin family of GTP-bind-
ing proteins, four of which (Cdc3, Cdc10, Cdc11, and Cdc12) were
originally identified in a screen for temperature-sensitive cell divi-

sion cycle mutants (Hartwell, 1971; Hartwell et al., 1974). A fifth
septin (Shs1) that is expressed in vegetatively growing cells was dis-
covered by other means (Carroll et al., 1998; Mino et al., 1998). The
septin superstructure at the bud neck is required for cytokinesis
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because it contributes to membrane deformation (Bridges and
Gladfelter, 2015), serves as a scaffold to recruit the actomyosin con-
tractile apparatus that drives membrane ingression (Wloka and Bi,
2012; Finnigan et al., 2015a), and acts as a barrier or corral to con-
fine and locally concentrate the vesicles that deposit new mem-
brane and the enzymatic machinery that synthesizes the chitin-
aceous cross wall for cell septation (Dobbelaere and Barral, 2004;
Caudron and Barral, 2009). Scores of proteins localize to the bud
neck in a highly orchestrated manner, concomitant with changes in
the architecture of septin assembly at the bud neck, which trans-
forms from a patch into a ring and then into an hourglass-shaped
collar and finally splits into two bands at the onset of cell division
(McMurray and Thorner, 2009).

Higher-order septin structures are erected from two types of lin-
ear apolar hetero-octamers: Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-
Cdc3-Cdc12-Cdc11 (Bertin et al., 2008; McMurray et al., 2011) and
Shs1-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-Shs1 (Garcia et al.,
2011; Finnigan et al., 2015b). The ratio of these two types of rods
and their association with membrane lipids influence the nature of
the structures that are assembled from these building blocks both in
vitro (Bertin et al., 2010; Garcia et al., 2011; Bridges et al., 2014) and
in vivo (Bertin and Nogales, 2012; Ong et al., 2014). These forms
include end-on-end polymerization into long, paired filaments and
braids, lateral associations to form arcs and spirals, and more gauze-
or lattice-like arrays.

The changes in the state of septin organization need to be inte-
grated both temporally and spatially with the other processes re-
quired for cell cycle progression. Conversely, because cytokinesis
cannot proceed productively unless the septin collar has been
erected, yeast cells have evolved a checkpoint that delays initiation
of the G2/M transition until the septin collar has been properly as-
sembled (Shulewitz et al., 1999). This particular feedback circuitry,
which is one of several that monitor and ensure correct cellular mor-
phogenesis (Lew, 2003; Keaton and Lew, 2006; Howell and Lew,
2012), involves a network of protein kinases and additional factors. In
brief, the cyclin B (Clb)-bound form of Cdk1 (Cdc28) that drives mito-
sis is held in check by inhibitory phosphorylation on Y19 by the yeast
Wee1 orthologue (Swe1; Booher et al., 1993). The action of Swe1 is
reversed, in part, by the protein-tyrosine phosphatase Mih1 (Russell
et al., 1989). In addition, in conjunction with the combined actions of
the protein-arginine N-methyltransferase Hsl7 (Cid et al., 2001;
Sayegh and Clarke, 2008) and the protein kinase Hsl1 (Ma et al.,
1996; Barral et al., 1999; Shulewitz et al., 1999), Swe1 is exported
from the nucleus (Keaton et al., 2008), captured at the bud neck, and
further marked there for timely cyclosome/anaphase-promoting
complex protein-ubiquitin ligase (APC)-dependent ubiquitinylation
and proteasome-imposed destruction by phosphorylation, medi-
ated, in large part, by the yeast Polo orthologue (Cdc5) (Sakchaisri
et al., 2004). Because Clb2-Cdc28 phosphorylation of Swe1 primes it
for its Cdc5-mediated phosphorylation (Asano et al., 2005), Hsl7-
and Hsl1-dependent reduction of nuclear Swe1 initiates a self-rein-
forcing burst of autocatalytic activation of Cdk1 and, therefore and
concomitantly, hyperphosphorylation and nearly complete elimina-
tion of Swe1 (Sreenivasan and Kellogg, 1999). Of importance, Hsl1 is
only active in targeting Swe1 for destruction when Hsl1 is associated
with a correctly assembled septin collar at the bud neck (McMillan
et al.,, 1999, 2002; Shulewitz et al., 1999). Hsl1 (and the checkpoint)
may have additional roles besides surveillance of septin organiza-
tion, such as monitoring bud size/shape and/or plasma membrane
composition, that are necessary to license entry into mitosis.

Hsl1 is a large polypeptide (1518 residues; Figure 1A), with
its canonical catalytic domain (residues 85-369) situated at its
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Analysis of the subcellular location of a sequential series
of 400-residue overlapping fragments of protein kinase Hsl1.
(A) Primary structure of Hsl1. Previously characterized sequence
features include the kinase (catalytic) domain (green; Shulewitz, 2000;
Szkotnicki et al., 2008); the putative ubiquitin association domain
(blue; Hofmann and Bucher, 1996; Mueller and Feigon, 2002); the
KEN box and D-box motifs (orange; Burton and Solomon, 2001); the
Hsl7-binding element (gray; Shulewitz et al., 1999; Crutchley et al.,
2009); and the KA1 domain (pink; Moravcevic et al., 2010). (B) Top,
diagram depicting Hsl1 and the indicated fragments that were
expressed in vivo under the control of the same promoter from the
same CEN vector, each as a fusion to the N-terminus of eGFP.
Bottom, yeast strain GFY-42 expressing Cdc10-mCherry from its
endogenous locus transformed with plasmids expressing either
full-length Hsl1 (pGF-IVL521) or each of the indicated fragments
(pGF-IVL561 through pGF-IVL567) and examined by fluorescence
microscopy. All images were scaled identically. Arrowheads, GFP
signal at the bud neck; dotted white line, cell periphery; scale bar,
2 pm. For clarity, only one or a few representative cells are shown for
each construct, and the dotted white line is omitted for constructs
that exhibited significant PM fluorescence.

N-terminus. It is not clear how association with septins activates
Hsl1. As judged by the two-hybrid method, it has been reported
that residues 987-1100 of Hsl1 can associate with its kinase domain
and, using the same method, that the same segment is able to in-
teract with septins Cdc11 and Cdc12, suggesting a model in which
binding to septins activates Hsl1 by alleviating autoinhibition
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(Hanrahan and Snyder, 2003). It has also been reported that Hsl1
activity requires its phosphorylation on T220 in its so-called activa-
tion loop by Elm1, yet another bud neck-localized protein kinase
(Szkotnicki et al., 2008), suggesting a model in which recruitment to
the septin collar activates Hsl1 by placing it in close proximity to an
upstream activator. In addition, Hsl1 contains both a KEN box (resi-
dues 775-781) and a destruction box (D-box; residues 828-836)
and is very efficiently degraded in an APC-dependent manner
(Burton and Solomon, 2000, 2001; Simpson-Lavy et al., 2009).
Perhaps binding to septins occludes the KEN and D-boxes, thereby
protecting Hsl1 from destruction, suggesting a model in which “ac-
tivation” simply involves elevating the number of Hsl1 molecules
present (rather than increasing their specific activity per se).

To devise appropriate experimental approaches to distinguish
among these models, it is imperative to first pinpoint the elements
in Hsl1 responsible for septin recognition and targeting to the bud
neck. However, this goal has been elusive. Deletion analysis of the
most highly conserved sequences in Hsl1 located several regions
that, when absent, only mildly impaired its localization to the bud
neck in vivo (Crutchley et al., 2009). Thus the elements in Hsl1 re-
quired for septin binding and how they contribute at the mechanis-
tic level to Hsl1 recruitment to the bud neck remained to be deter-
mined. In the present study, we map the sequence elements in Hsl1
required for its association with the septin collar. We show that these
sequences are necessary and sufficient for both Hsl1 localization to
the septin collar in vivo and binding to septin filaments in vitro.
Moreover, we also demonstrate that, in the cell, these septin-bind-
ing elements must work in conjunction with a phospholipid-binding
fold, dubbed the kinase associated-1 (KA1) domain (Moravcevic
et al., 2010), which is located at the extreme C-terminus of Hsl1.

RESULTS

Septin collar assembly is required for recruitment of Hsl1

to the bud neck

Prior work established that assembly of an intact septin collar is a
prelude to localization of Hsl1 at the bud neck, that Hsl1, in turn, re-
cruits Hsl7, and that both of these factors are necessary for efficient
inactivation and degradation of Swel and maintenance of normal
morphology (McMillan et al., 1999, 2002; Shulewitz et al., 1999;
Thomas et al., 2003; Sakchaisri et al., 2004). These findings were
made largely in strains of the W303 lineage or other backgrounds.
For the analysis we conducted and describe here, all the constructs
were derived in the now widely used BY4741 background (Brachmann
et al., 1998). Reassuringly, the following observations confirmed that
the prior conclusions were equally valid in BY4741 strains. First,
BY4741 cells lacking Hsl1 grew on plates at a rate indistinguishable
from HSL1* cells, and the presence of an hsl1A mutation did not ex-
acerbate the phenotypes of cells carrying three different types of
septin mutations (Supplemental Figure S1A), consistent with septin
function not requiring Hsl1 action. Second, absence of Hsl1 caused
buds and especially mother cells to be somewhat more elongated
than cells in the control (HSL1*) culture, indicative of a delay in the
G2/M transition, consistent with prior work (Longtine et al., 2000);
however, assembly of septins at the bud neck was unaffected (Sup-
plemental Figure S1B), again consistent with septin collar formation
preceding the function of Hsl1 (Cid et al., 2001; Thomas et al., 2003).
Third, disruption of the septin collar (by shift of a cdc12-6% mutant
[Johnson et al., 2015] to the restrictive temperature) ablated Hsl1-
GFP localization at the bud neck (Supplemental Figure S1C), in
agreement with the requirement for assembly of an intact septin su-
perstructure for Hsl1 recruitment. Finally, by the time anaphase was
executed and cytokinesis underway (as judged by splitting of the
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septin collar into two rings), Hsl1—green fluorescent protein (GFP)
was undetectable (Supplemental Figure S1D), consistent with its
known APC-dependent degradation (Burton and Solomon, 2000,
2001).

An internal fragment of Hsl1 is necessary and sufficient

for its bud neck localization

Hsl1 is a relatively large protein (1518 residues) comprising a num-
ber of previously characterized functional domains and sequence
elements (Figure 1A). As our initial approach to delineating the
region(s) in Hsl1 required for its targeting to the septin collar, we first
conducted a systematic and unbiased scan across the entire Hsl1
sequence by expressing overlapping 400-residue fragments fused
at their C-terminal end to enhanced GFP (eGFP) and examined their
localization pattern in vivo in cells expressing Cdc10-mCherry as a
marker for the septin collar at the bud neck. Full-length Hsl1-GFP
colocalized exclusively with the septin collar at the bud neck,
whereas Hsl1(1-400)-GFP localized strongly in the nucleus, consis-
tent with the presence of multiple basic residue-rich tracts in this
N-terminal fragment (20AKKAAKRA27, 68KSSKRKSR75, 100KIVP-
KKKA116, 249KKNRRIKI256, and 379KVLRKMRK386 [N-nuclear
localization signals; NLSs]), each of which resembles a classical NLS
(Lange et al., 2007; Kosugi et al., 2009), and Hsl1(200-600)-GFP and
Hsl1(400-800)-GFP exhibited diffuse cytosolic fluorescence (Figure
1B, left). By contrast, both Hsl1(600-1000)-GFP and Hsl1(800-1200)-
GFP displayed readily detectable, albeit rather weak, colocalization
with the septin collar, whereas Hsl1(1000-1400)-GFP exhibited dif-
fuse cytosolic fluorescence, and Hsl1(1200-1518)-GFP was targeted
predominantly to the plasma membrane (PM), in keeping with the
presence of the phosphatidylserine (PtdSer)-binding KA1 domain
(residues 1358-1518; Moravcevic et al, 2010) in this fragment
(Figure 1B, right). This analysis was conducted in cells that were
HSL1* at its normal chromosomal locus, and very similar results were
obtained for all of these same Hsl1-GFP constructs expressed in
hsl14 cells (G.C.F,, unpublished data).

The two fragments that displayed bud neck localization (600
1000 and 800-1200) span a 600-residue region and overlap over
200 residues. These findings suggested two possibilities: 1) the bud
neck-targeting information is confined to the region of overlap
(800-1000), or 2) the bud neck-targeting information is bipartite,
that is, each fragment contains a partially redundant signal. We fa-
vored the later interpretation because the sequence in the region of
overlap (800-1000) is poorly conserved, whereas both the upstream
(600-800) and downstream (1000-1200) segments contain more
highly conserved sequences (Supplemental Figure S2).

Plasma membrane association enhances recruitment

to the septin collar

Native Hsl1 contains both the septin-associating region we identi-
fied (600-1200) and the C-terminal KA1 domain. To assess the con-
tribution of the latter domain to bud neck targeting, first we pre-
pared C-terminal truncations of Hsl1 that removed the KA1 domain
but left the remainder of the protein intact and, conversely, ex-
pressed Hsl1 fragments containing only its KA1 domain (Figure 2A,
top). We found that removal of the KA1 fold itself (residues 1358-
1518) or an even larger deletion (residues 1245-1518) reduced but
did not eliminate binding at the bud neck and concomitantly in-
creased the cytosolic fluorescence (Figure 2A, bottom left). Quanti-
fication of the images (Supplemental Figure S3) indicated that bud
neck localization was reduced by 65-70% (Figure 2B, top). Con-
versely, in the absence of the rest of Hsl1, its KAT domain—contain-
ing fragments decorated the PM exclusively and did not colocalize

Hsl1 binding to the septin collar | 2215



A 11 )1518

10 11244 TEE
T 11357 %§ g 125
124531518 275 100 -
13581518 839 75
Cdc10-mCh HsM-GFP  Cdc10-mCh  Hsl1-GFP aas 501 o
268 x B & I
222 1-1518 1-1244 1-1357
1-1518 (WT) empty vector (WT)
o _ '*—*|
L= g 13— =
0w i -
25512 } I
c< 1.2 gty
1245-1518 053
T00 1.15 L | g
o e £
co 1.1
O o= I
2 9 @ 1.05 [+
1358-1518 £5% 1-1518 1245- 1358-
2 (WT) 1518 1518
C 1 11518
1120 ) 1518
800! 11518
620( 11518 D 6630743 1245C—11518
375 11518 611C——878  1245C_——31518
10 ) 1245 11518 671 1950 1245 11518
10 799 M94245——1518 611C————950 12451357
10 1619 1245C—)1518 611950 135831518
| C—) 374 12451518 124531357

Cdc10-mCh  Hsl1-GFP _ Cdc10-mCh Hsl1-GFP Cdc10-mCh  Hsl1-GFP _ Cdc10-mCh  Hsl1-GFP
1120-1518 1-1119; 1245-1518 663-743; 1245-1518 611-950; 1245-1357.

1-799; 1245-1518

1-619; 1245-1518 611-950; 1245-1518 1245-1357

1-374; 1245-1518

Residues 611-950 of Hsl1 are necessary and sufficient, in conjunction with the C-terminal KA1 domain, for
optimal bud neck localization. (A) Top, diagram of Hsl1 and the indicated C-terminal truncations and C-terminal
fragments that were examined. Bottom, plasmids producing full-length Hsl1 (pGF-IVL521), empty vector (pRS315), or
the indicated truncations and fragments (pGF-IVL522 through pGF-IVL525), expressed and visualized as in Figure 1, A
and B. Arrowheads, GFP signal at the bud neck; dotted white line, cell periphery; scale bar, 2 pm. For clarity, only one or
a few representative cells are shown for each construct. and the dotted white line is omitted for constructs that
exhibited significant PM fluorescence. (B) Top, relative average pixel intensity of the GFP signal at the bud neck was
quantified in triplicate using ImageJ. Error bars, SEM; asterisk, statistically significant difference (p < 0.05) using an
unpaired t test. Bottom, relative PM fluorescence quantified as the ratio of the maximum pixel intensity of the PM signal
vs. the average cytosolic fluorescence signal, measured as described in detail in Supplemental Figure S3. (C) Top,
diagram of Hsl1 and the indicated N-terminal truncations and internal deletions that were examined. Bottom, plasmids
producing the indicated truncations and deletions (pGF-IVL526 through pGF-IVL533), expressed and visualized as in
Figure 1, A and B. Arrowheads, structures consistent with some mitochondrial localization; scale bar, 2 pm. (D) Top,
diagram of the indicated internal fragments fused, where shown, to the indicated C-terminal fragments that were
examined. Bottom, plasmids producing the indicated constructs (pGF-IVL534 through pGF-IVL536, left; pGF-IVL624
through pGF-IVL626, right), expressed and visualized as in Figure 1, A and B. Scale bar, 2 pm.

with the septin collar (Figure 2, A, bottom right, and B, bottom).  1999; Shulewitz, 2000; Crutchley et al., 2009), have no role in local-
Using a similar approach with a set of internal deletions, we con- izing Hsl1 to the septin collar (Supplemental Figure S4).

firmed that residues 1144-1200 of Hsl1, which prior work demon- These results suggested synergy or coordination between KA1
strated are required for its association with Hsl7 (Shulewitz et al.,  domain-mediated PM binding and the ability of the 600-1200
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region to achieve efficient recruitment to the septin collar. Hence, as
a second means to investigate this apparent cooperative effect, we
constructed N-terminal truncations and internal deletions within
otherwise full-length Hsl1 that removed all or portions of the 600-
1200 region but left the KAT domain intact (Figure 2C, top). In brief,
we found that constructs containing the region 600-800 or 800-
1120 or both were localized either exclusively or strongly to the bud
neck, whereas removal of a portion of that region, for example,
800-1244, reduced bud neck fluorescence and increased cytoplas-
mic fluorescence, and removal of the entire region, for example,
620-1244, eliminated bud neck fluorescence and enhanced PM
decoration and/or the nuclear signal (Figure 2C, bottom). Hsl1(620-
1518)-GFP localized strongly to the bud neck but also to a number
of cortical puncta, which we attribute to spurious targeting to the
mitochondrion due to exposure of N-terminal Arg-, Leu-, and Ser-
rich tracts (629SRYSLSRR636 and 650SLSR654; Supplemental
Figure S2) that closely resemble canonical mitochondrial prese-
quences (Allison and Schatz, 1986; Claros and Vincens, 1996; Roise,
1997). These data indicated that two separable sequence elements
lying between residues 620 and 1119 are necessary for Hsl1 recruit-
ment to the bud neck, closely matching the segment (600-1200)
identified in our initial fragment scanning approach.

As a third means to assess the synergy between the PM-binding
KA1 domain and the apparent septin-binding region and to ascer-
tain the minimal sequence sufficient for septin collar targeting of
Hsl1, we generated additional constructs in which fragments lying
within the 600-1120 region were fused to C-terminal fragments ei-
ther containing (1245-1518) or lacking (1245-1357) the KA1 domain
(Figure 2D, top). Tellingly, when fused to the KA1 domain—contain-
ing C-terminal end of Hsl1 (1245-1518), a very small (81-residue)
fragment, Hsl1(663-743), was sufficient to clearly decorate the bud
neck yet also displayed detectable cytosolic fluorescence and weak
association with the PM (Figure 2D, bottom left). This behavior mim-
icked that of Hsl1(800-1518)-GFP (Figure 2C), which is missing the
663-743 sequence, consistent with our initial conclusion that the
600-1120 region contains two distinct septin-associating elements
in tandem. However, extending the 663-743 fragment both up-
stream (611-662) and downstream (744-878) weakened the bud
neck signal substantially and caused significant accumulation in the
nucleus. That this pattern represented localization within the nu-
cleus was confirmed by expressing the same constructs in cells co-
expressing a marker of the nuclear envelope, mCherry-tagged
Nup188 (G.C.F.,, unpublished data).

Strikingly, extending the same 611-878 fragment an additional
73 residues (to 950) restored robust localization at the bud neck,
which, as for full-length Hsl1, was completely dependent on the
presence of the KA1 domain (Figure 2D, bottom). This result is con-
sistent with the presence of a second septin-associating sequence
that, in combination with the more-upstream septin-associating se-
quence in 663-743 and the KA1 domain, is able to override the
nuclear targeting information in the 611-662 region. In addition, it
was possible that hydrophobic tracts residing in the 879-950 seg-
ment that resemble the hydrophobic nuclear export signal (NES)
motifs that mediate Xpo1/Crm1-based nuclear export (8981SQPVN-
SKVESLLQGLKF915 [NES1] and 941PVKASGVSI949 [NES2]: Gittler
et al., 2010) also contributed to preventing nuclear accumulation of
the Hsl1(611-950; 1245-1518)-GFP and Hsl1(611-950; 1358-1518)-
GFP constructs. Indeed, deleting NES1 (Hsl1(611-925; 1245-1518)-
GFP) or both NES1 and NES2 (Hsl1(611-900; 1245-1518)-GFP) from
the C-terminal end of the Hsl1(611-950; 1245-1518)-GFP dimin-
ished bud neck localization and caused readily measurable nuclear
accumulation, whereas co-removal of an apparent classical bipartite
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NLS (Robbins et al., 1991) present in this internal fragment (635RRAI-
HASPSTKSIHKSLSRK654 [I-NLS]) from the N-terminal end of both
NES-less constructs (Hsl1(663-925; 1245-1518)-GFP and Hsl1(663—
900; 1245-1518)-GFP) eliminated their nuclear accumulation (Figure
3A). (Although residues 900-950 may contain putative NES motifs,
this sequence also seems to harbor information important for opti-
mal septin targeting, as judged by the fact that, compared with
Hsl1(663-950; 1245-1518), Hsl1(663-900; 1245-1518) exhibited
diminished bud neck localization and some concomitant decoration
of the PM [Figure 3A, second row] and similarly for Hsl1(663-900)
compared with Hsl1(663-950) [Figure 3B, second row], even though
these constructs lack the I-NLS sequence. On the other hand, we
cannot rule out that removal of these 50 residues simply causes the
globular KA1 [and GFP] folds to be so close as to partially occlude
sterically the actual upstream septin-targeting determinants.)

By fusing wild-type and mutated versions of Hsl1 fragments from
the 611-950 region to a chimera (glutathione S-transferase [GST]-
maltose-binding protein [MBP]-eGFP) that is otherwise excluded
from the nucleus, we could independently attribute the nuclear im-
port of Hsl1(611-878; 1245-1518)-GFP largely to exposure of the I-
NLS and also found that separate segments of the 611-950 region
(611-710 and 800-950) were able to target the same chimera to the
bud neck in a readily detectable manner and with roughly equal ef-
ficiency (Supplemental Figure S5), again in agreement with the pres-
ence of two distinct septin-binding elements within the 611-950
region. The fact that our fragment-based analysis revealed both
multiple potent NLS elements and two presumptive NES elements
and yet full-length Hsl1 is found exclusively at the bud neck raised
the issue of whether native Hsl1 undergoes nucleocytoplasmic shut-
tling but that its rate of export vastly exceeds its rate of import.
However, in strains lacking the function of each of the four known
yeast exportins, we did not observe any detectable nuclear accumu-
lation whatsoever (Supplemental Figure S6). Therefore, unlike other
cell cycle regulators (Keaton et al., 2008), intact Hsl1 does not ap-
pear to undergo nucleocytoplasmic shuttling.

Of most importance, successive trimming of the 611-950 seg-
ment in the Hsl1(611-950; 1245-1518)-GFP construct from its N-
terminal end, its C-terminal end, or both diminished bud neck as-
sociation and enhanced PM retention in a graded manner (Figure
3A), suggesting that the entire 611-950 region is required for opti-
mal targeting to the septin collar. Moreover, when the same set of
Hsl1 fragments was expressed alone (unfused to the KA1 domain—
containing 1245-1518 segment), they were very unstable, regard-
less of whether they were in the nucleus or the cytosol (Figure 3B).
This instability was due to their APC-mediated degradation, be-
cause versions of the same fragments in which we mutated the KEN
box, the D-box, or both were produced at a substantially higher
steady-state level (Supplemental Figure S7, left). When installed in
the context of Hsl1(611-950; 1245-1518)-GFP, it was clear that mu-
tation of the KEN box, D-box, or both, had little or no effect on the
efficiency of targeting to the septin collar (Supplemental Figure S7,
right).

A conserved sequence element that contributes to Hsl1
localization at the bud neck

Having shown, largely using the fragment approach, that two dis-
tinct portions of the 611-950 region were sufficient, especially in
conjunction with the KA1 domain, to localize Hsl1 exclusively at the
bud neck, we wanted to confirm in the context of otherwise full-
length Hsl1 that these tandem elements were necessary for efficient
targeting of Hsl1 to the septin collar. For this purpose, first we con-
structed a nested set of internal deletions (Figure 4, top). Indeed,
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The 611-950 segment of Hsl1 contains two separable septin-association elements. (A) Right, diagram of the
indicated internal fragments, each fused to the same C-terminal fragment (and eGFP), that were examined. Left,
plasmids producing the indicated constructs (pGF-IVL536 and pGF-IVL601 through pGF-1VL611), expressed and
visualized as in Figure 1, A and B. Scale bar, 2 ym. (B) Right, diagram of the same internal fragments as in A, each fused
to eGFP only, that were examined. Left, plasmids producing the indicated constructs (pGF-IVL612 through pGF-IVL623),
expressed and visualized as in Figure 1, A and B. Dotted white line, cell periphery; scale bar, 2 um. For clarity, only one
or a few representative cells are shown for each construct, and the dotted white line is omitted for constructs that

exhibited significant PM fluorescence.

removal of the entire 611-950 segment (340 residues), as well as of
a somewhat smaller deletion (288 resides), eliminated localization at
the bud neck and permitted only KA1 domain-mediated tethering
to the PM, whereas two smaller and nonoverlapping deletions, 744—
950 (207 residues) and 611-743 (133 residues), each exhibited ro-
bust targeting to the bud neck (Figure 4, bottom), once again con-
sistent with the presence of two separate septin-associating
elements. We noted, however, that the construct that retained the
611-743 sequence was localized exclusively at the septin collar,
whereas the construct that retained the 744-950 sequence exhib-
ited detectable fluorescence at the PM and in the cytosol, suggest-
ing that the upstream septin-association element in the 611-950
region is somewhat more efficacious. Within the 611-743 segment,
residues 643-688 are well conserved (Supplemental Figure S2). In-
deed, deletion of just 24 residues (665-688) from within this region
or mutation to Ala of the 19 most conserved residues in this se-
quence weakened localization to the bud neck, as judged by an in-
crease in cytosolic fluorescence and the appearance of occasional
PM-associated puncta (Figure 4, bottom).
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The role of the conserved 643-688 sequence element in direct-
ing Hsl1 association with the septin collar was further confirmed us-
ing an approach in which we “sensitized” localization to perturba-
tions by examining the behavior of two minimal fragments,
Hsl1(611-900)-GFP and Hsl1(611-950)-GFP. When the basic resi-
dues in the I-NLS were mutated to Ala (Figure 5A, set 1) in either
Hsl1(611-900)-GFP (lacking NES1 and NES2) or Hsl1(611-950)-GFP
(containing both NES1 and NES2), nuclear import was prevented
and both fragments clearly decorated the bud neck (Figure 5B, left).
When just six basic residues within the conserved sequence element
(residues 643-688) were mutated to Ala (Figure 5A, set 2), both frag-
ments still decorated the bud neck but also displayed some nuclear
accumulation (because the I-NLS is intact; Figure 5B, left). However,
when four of the basic residues and 15 other invariant residues
within the conserved sequence element were mutated to Ala
(Figure 5A, set 3), bud neck localization was totally eliminated
(Figure 5B, left). Similarly, when 611-900 (lacking NES1 and NES2)
was fused to the KA1 domain—-containing 1245-1518 fragment, the
set 3 mutations also markedly reduced bud neck recruitment and
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Cdc10-mCh  Hsl1-GFP  Cdc10-mCh  Hsl1-GFP

1-610; 951-1518 1-610; 744-1518

1-664; 689-1518

1-662; 951-1518

1-743;951-1518 1-1518; 665-688::Ala

A conserved sequence element within the 611-950
segment of Hsl1 makes a major contribution to its bud neck
localization. Top, diagram of the indicated internal deletions and the
Hsl1(T665A L666A N668A S669A S671A K672A R673A S674A L675A
Y676A S677A S680A 1681A S682A K683A R684A S685A N687A
L688A) allele that were examined. Bottom, plasmids producing the
indicated deletions and substitution mutant (pGF-IVL666, pGF-
IVL665, pGF-IVL710, pGF-IVL709, pGF-IVL711, and pGF-IVL816),
expressed and visualized as in Figure 1, A and B. Arrowheads, GFP
signal in PM-associated puncta; dotted white line, cell periphery; scale
bar, 2 pm. For clarity, only one or a few representative cells are shown
for each construct, and the dotted white line is omitted for constructs
that exhibited significant PM fluorescence.

caused a readily detectable increase in cytosolic and nuclear fluo-
rescence (Figure 5B, right). Thus the conserved sequence element
(residues 643-688) clearly contributes to bud neck localization of
Hsl1. Tellingly, however, when 611-950 (containing NES1 and NES2)
was fused to the KA1 domain—containing 1245-1518 fragment, the
set 3 mutations did not detectably abrogate bud neck localization
(Figure 5B, right), indicating that, when both robust export from the
nucleus and KA1-mediated PM tethering occur, the second septin-
associating element (possibly the conserved residues 877-910) in
the 611-950 fragment is sufficient to retain Hsl1 at the bud neck.

Direct binding to septin filaments is responsible for Hsl1
localization at the bud neck

Having demonstrated, using imaging in live cells, that the 611-950
region is both necessary and sufficient for highly efficient localiza-
tion of Hsl1 to the bud neck, we wanted to confirm, using biochemi-
cal methods, that the function of these sequences is to mediate di-
rect physical association with the septin filaments that are a
diagnostic hallmark and required for establishment of the bud neck
constriction (Byers and Goetsch, 1976; Longtine and Bi, 2003).

For this purpose and to ensure its production as a soluble pro-
tein, we expressed and purified this segment of Hsl1 in Escherichia
coli as a hexahistidine (Hisg)-MBP-Hs|1(611-950) fusion, as well
Hisg-MBP alone as a control (Figure 6A). We used two independent
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approaches to determine the capacity of the Hsl1(611-950) se-
quence to bind to septin filaments. First, we devised a cosedimenta-
tion assay (Garcia, 2012), based on the fact that purified Cdc11-
capped septin hetero-octamers remain unpolymerized in high-salt
solution but rapidly assemble end to end to form very long, paired
filaments in low-salt solution (Bertin et al., 2008; Garcia et al., 2011;
Booth et al., 2015). For this reason, such septin hetero-octamers in
high-salt buffer remain in the supernatant fraction upon high-speed
centrifugation, whereas in low-salt buffer, they sediment into the
pellet upon high-speed centrifugation (Figure 6B, lanes 1-4). In the
absence of any septins, Hisg-MBP-Hsl1(611-950) remained in the
supernatant fraction under either condition (Figure 6B, lanes 5-8);
however, in the presence of purified Cdc11-capped septin hetero-
octamers, a nearly stoichiometric amount of His,-MBP-Hsl1(611-950)
copelleted with the filaments (Figure 6B, lanes 11 and 12). More-
over, as expected for a protein that binds solely to assembled fila-
ments, which should shift the equilibrium toward polymerization, a
detectable amount of the septins and Hiss-MBP-Hsl1(611-950)
(which was added in only a twofold molar excess over the hetero-
octamers) was able to pellet even from high-salt solution (Figure 6B,
lanes 9 and 10). In marked contrast, the His,.-MBP-alone control
showed no capacity to copellet with the assembled septins and no
ability to promote polymerization of the hetero-octamers (Figure
6B, lanes 13-20).

Second, the same samples used for the cosedimentation assays
were examined by transmission electron microscopy (EM) on car-
bon-coated copper grids after staining with uranyl formate because
we previously demonstrated that, under these conditions, the stable
globular fold of the MBP tag provides a reliable fiducial marker to
detect the location of proteins associated with septin-based struc-
tures (Bertin et al., 2008). As expected, in low-salt buffer, purified
Cdc11-capped septin hetero-octamers alone assembled end to end
to form many parallel arrays of long, paired filaments (Figure 6C,
left), and virtually indistinguishable images were observed for the
septins in the presence of the Hisg-MBP control (Figure 6C, right).
In marked contrast, in the presence of Hiss-MBP-Hsl1(611-950),
Cdc11-capped septin hetero-octamers assembled into tightly cross-
braced bundles in which the globular MBP domain was prominently
and periodically positioned in the cross-bridges between the fila-
ments. Thus, as judged by two independent criteria, the 611-950
segment in Hsl1 binds directly to polymerized septin filaments.

For technical reasons, we were unable to address whether either
of the two apparent septin-association elements (643-688 and 877-
910) lying within the 611-950 fragment is able on its own to bind to
septins in vitro because, even as fusions to MBP or other tags, frag-
ments containing these sequences were not stably expressed as
soluble recombinant proteins in bacterial cells.

Plasma membrane binding is the sole role of the KA1
domain in targeting Hsl1 to the bud neck

Although the 611-950 segment of Hsl1 is necessary and sufficient
for recruitment of Hsl1 to the bud neck in vivo and for binding to
septin filaments in vitro, we amply demonstrated that, in the cell, the
ability of this element to localize Hsl1 at the bud neck is greatly en-
hanced by the presence in-cis of the C-terminal KA1 domain. For
example, native Hsl1 is recruited exclusively to the bud neck,
whereas removal of the KA1 domain alone (residues 1358-1518)
drastically reduces the amount of Hsl1 at the bud neck (Figure 2A).
Conversely, attachment of the KA1 domain to the 611-950 frag-
ment permits its highly efficient recruitment to the bud neck (Figure
2D). Hence we sought to determine whether the KA1 domain of
Hsl1 had some specialized function that can only operate uniquely
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A cryptic bipartite NLS is separable from the conserved septin-associating sequence element in the 611-950
segment of Hsl1. (A) Positions of the residues mutated in the N-terminal portion (residues 611-710) of the 611-950
segment of S. cerevisiae Hsl1 aligned using ClustalW against the corresponding sequences of seven other yeast species
(Sc, Saccharomyces cerevisiae; Cg, Candida glabrata; Kn, Kazachstania naganishii; Zr, Zygosaccharomyces rouxii; Zb,
Zygosaccharomyces bailii; Nc, Naumovozyma castellii; Ka, Kazachstania africana; and Vp, Vanderwaltozyma polyspora).
See also Supplemental Figure S2. White-on-black letters represent invariant residues across all eight fungal species; blue
letters indicate strongly conserved residues (found in seven of the eight species). Pink, set 1 allele (R635A R636A K645A
H648A K649A R653A K654A); green, set 2 allele (R663A R664A K672A R673A K683A R684A,; blue, set 3 allele (T665A
L666A N668A S669A S671A K672A R673A S674A L675A Y676A S677A S680A 1681A S682A K683A R684A S685A
N687A L688A). (B) Right, diagram of the indicated mutated internal fragments, either free or fused to the same
C-terminal fragment (and eGFP), that were examined. Bottom, plasmids producing the indicated constructs (pGF-
IVL705, pGF-IVL757, pGF-IVL758, pGF-IVL760, pGF-IVL762, pGF-IVL763, pGF-IVL765, pGF-IVL766, and pGF-IVL817
through pGF-IVL820), expressed and visualized as in Figure 1, A and B. Scale bar, 2 pm.

with the rest of the protein or whether its primary, and perhaps sole,
function is to concentrate Hsl1 at the PM, thereby greatly enhancing
the probability of its encounter with and binding to the septin collar
at the cell cortex.

As previously shown (Moravcevic et al., 2010; Roelants et al.,
2015), two Hsl1-related protein kinases, Gin4 and Kcc4, also pos-
sess C-terminal PtdSer-binding KA1 domains (although the primary
sequence conservation among the three of them is modest). We
first confirmed that, when each was tagged with GFP, both the
KA16in4 and KA1 domains decorated the PM; however, the bind-
ing of KA16 to the PM was noticeably weaker than that mediated
by KA1™!", and the PM binding of KA1X<* was weaker still (Figure
7A). In fact, only an unrelated and evolutionarily highly divergent
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PtdSer-binding element, the 158-residue C2 domain of bovine lac-
tadherin (Butler et al.,, 1980; Andersen et al., 2000; Shao et al,,
2008), displayed a PM-binding efficacy in yeast comparable to that
of KA1H! (Figure 7A). If the major role of its own KA1 domain in bud
neck localization is simply to raise the effective local concentration
of Hsl1 at the PM, then the KA16M and KA1X<4 domains and the
phosphatidylserine-binding C2 domain of bovine lactadherin
(C2%<t), when substituted for the KA1"" domain, should promote
bud neck targeting with the same order of potency as they support
PM association. Indeed, when each of these three elements was
fused to the Hsl1(611-950) fragment, the weakest PM-binding do-
main, KA1 allowed for only weak but detectable bud neck re-
cruitment accompanied by prominent nuclear accumulation; the
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FIGURE 6: The 611-950 segment of Hsl1 binds directly to assembled septin filaments in vitro.
(A) Diagram of the primary structure of the Hiss-MBP-Hsl1(611-950) fusion protein expressed in
and purified from E. coli as described in Materials and Methods. (B) Cosedimentation assay.
Cdc11-capped hetero-octamers, purified as described in Materials and Methods, alone (lanes
1-4), purified Hisg-MBP-Hsl1(611-950) alone (lanes 5-8), a 1:2 mixture of Cdc11-capped
hetero-octamers and Hisg-MBP-Hsl1(611-950) (lanes 9-12), purified Hiss-MBP alone (lanes
13-16), or a 1:2 mixture of Cdc11-capped hetero-octamers and Hiss-MBP (lanes 17-20) were
incubated in either high-salt buffer (H) or low-salt buffer (L) and then subjected to high-speed
centrifugation and separated into supernatant (s) and pellet (p) fractions, the contents of which
were then resolved by SDS-PAGE and analyzed by staining with InstantBlue dye. (C) Samples of
the indicated mixtures from B were applied to carbon-coated copper grids, stained, and
examined by EM, and representative images were recorded. Scale bar, 100 nm.

next most effective PM-binding domain, KA16", permitted promi-
nent bud neck decoration, but still accompanied by some nuclear
accumulation; and the most efficacious PM-binding domain, C2t,
supported exclusive recruitment to the bud neck (Figure 7B), com-
parable to that for native Hsl1-GFP (Figures 1B and 2A).

Quite similarly, when substituted for KA™!" in the context of oth-
erwise full-length Hsl1, the KA1K<4 domain permitted prominent
bud neck localization but with readily detectable cytosolic fluores-
cence, whereas the two stronger PM-binding motifs, KA16" and
C2t<t, supported highly efficient and exclusive localization at the
bud neck (Figure 7C). We conclude, therefore, that the primary if not
sole function of the C-terminal KA1 domain is to mediate efficient
association of Hsl1 with the PM, thus permitting its more efficient
encounter with and binding to the septin filaments, which are them-
selves phosphatidylinositol-4,5-bisphosphate (PtdIns4,5P,)-binding
proteins tightly associated with the PM (Rodal et al., 2005; Bertin
etal.,, 2010, 2012; Ong et al., 2014).

In vivo competition assay confirms the role of residues
611-950 and the KA1 domain in targeting Hsl1 to the
septin collar

Both Hsl1 and Mih1 oppose the action of Swe1 (Lew, 2003); the phos-
phatase Mih1 dephosphorylates the inhibitory P-Tyr-19 on Clbo-bound
Cdc28/Cdk1 that is installed by Swe1 (Russell et al., 1989), and the
protein kinase Hsl1 is an integral component of the septin collar—
sensing checkpoint that triggers ubiquitinylation and proteasome-
mediated degradation of Swel (Shulewitz et al., 1999; Sakchaisri
et al., 2004). Thus Mih1 and Hsl1 act in concert to release Cdk1 from
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mutant (Supplemental Figure S1), an mih14
single mutant is viable, whereas an hs/14
mih14 double mutant is inviable (Figure 8A).
We reasoned that, if expressed at a suffi-
cient level, the 611-950 fragment alone or
fused to the KA1 domain might be able to
displace native Hsl1 from the septin collar
and compromise its function, and, if so, this
outcome would be revealed as growth inhi-
bition in the “sensitized” background of an
mih1A mutant. To achieve high-level over-
expression, we chose to drive production
from a GAL promoter on a CEN vector.
However, it was reported previously that
overproduction of full-length Hsl1 is toxic in
otherwise wild-type (HSL1* MIH1*) cells
(Sopko et al., 2006), an effect that might
void our approach. Fortunately, we were
able to show that this toxicity was due
largely, if not exclusively, to off-target func-
tion of the N-terminal kinase domain of Hsl1
and its catalytic activity. First, when overexpressed, fragments lack-
ing the kinase domain were not toxic (Figure 8B, left). Second, and
conversely, the toxicity of overexpressed fragments containing the
kinase domain were greatly ameliorated or completely eliminated
by a single point mutation (D239A) that removed the Asp essential
for catalysis (Figure 8B, left). By itself, the D239A mutation had no
effect on localization of full-length Hsl1 to the bud neck (Figure 8C).
Third, when overexpressed, the kinase domain artificially targeted
to the PM via fusion to the C2*t domain was as toxic as overex-
pressed full-length Hsl1, but its growth inhibitory effect was com-
pletely alleviated by the D239A mutation (Figure 8B, left).

Given our insight into how to circumvent the toxicity of overex-
pression, we were able to test whether overexpression of fragments
of Hsl1 containing the 611-950 segment, the KA1 domain, or both
were capable of displacing native Hsl1 from the bud neck and
thereby conferring an Hsl1-deficient-like phenotype to HSL1* mih14
cells. Indeed, when overexpressed, fragments containing both 611-
950 and the KA1 domain, such as Hsl1(375-1518) and Hsl1(611-
950; 1245-1518), efficiently prevented the growth of HSL1* mih14
cells (Figure 8B, right, red asterisks). In contrast, a fragment contain-
ing only the 611-950 segment had only a modest growth-inhibitory
effect, and a fragment containing only the KA1 domain had no de-
tectable growth-inhibitory effect (Figure 8B, right).

Having demonstrated that the cytosolic level of the 611-950
fragment was reduced by both its tendency for nuclear import
(Supplemental Figure S5) and its APC-mediated degradation
(Supplemental Figure S7), we sought to increase the competitive
advantage of this segment by eliminating its I-NLS and KEN and
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High-affinity PM binding is the sole role of the KA1 domain for localization of Hsl1 to
the septin collar. (A) Top, diagram of the KA1 domains of the indicated protein kinases (white,
Hsl1; pink, Gin4; and, blue, Kccd) and the C2 domain of bovine (Bos taurus) lactadherin (orange),
each fused to the C-terminus of eGFP, that were examined. Bottom, plasmids producing the
indicated constructs (pGF-IVL181, pGF-IVL184, pGF-IVL187, and pGF-IVL708), expressed and
visualized as in Figure 1, A and B. (B) Top, diagram of the fusions of the 611-950 segment of
Hsl1 to the indicated heterologous membrane-targeting domains (and to eGFP) that were
examined. Bottom, plasmids producing the indicated constructs (pGF-IVL639, pGF-IVL641 and
pGF-IVL688), expressed and visualized as in Figure 1, A and B. (C) Top, diagram of the
constructs in which the endogenous KA1 in Hsl1 was substituted with the indicated
heterologous membrane-targeting domains (fused to eGFP). Bottom, plasmids producing the
indicated constructs (pGF-IVL638, pGF-IVL640 and pGF-IVL687), expressed and visualized as in
Figure 1, A and B. Dotted white line, cell periphery; scale bar, 2 um. The dotted white line is

omitted for constructs that exhibited significant PM fluorescence.

D-boxes by mutation. Strikingly, this maneuver revealed that,
when overexpressed, the resulting mutated 611-950 segment
alone was sufficient to cause a marked growth-inhibitory effect in
HSL1* mih1A cells (Figure 9A, right) and even to have a detectably
deleterious effect on growth in HSL1* MIH1* cells (Figure 9A, left).
Moreover, when combined with the KA1 domain and overex-
pressed, the stabilized 611-950 fragment potently inhibited
growth in both HSLT* mih1A (Figure 9A, right) and HSL1* MIH1*
cells (Figure 9A, left). By tracking the localization of both endoge-
nously expressed Hsl1-GFP and a septin in the cells, we could di-
rectly demonstrate that presence of the overexpressed, stabilized
611-950 segment was both necessary and sufficient to displace
native Hsl1-GFP from the septin collar (Figure 9B). Revealingly, as
expected for high-affinity binding of the 611-950 segment to
septin filaments, overexpression of the stabilized 611-950 frag-
ment alone often caused coalescence of the septins into a single
large intracellular aggregate and, when fused to the KA1 domain,
caused recruitment of septin bundles to the PM, whereas overex-
pression of the KA1 domain completely lacked this effect (Figure
9B). These outcomes were not specific to Cdc10-mCherry because
the same phenotypes were observed in strains expressing Cdc11-
mCherry and Hsl1-GFP (G.C.F.,, unpublished data). These data am-
ply confirm, as observed in vitro, that the 611-950 segment is the
septin-binding region of Hsl1 in vivo. Moreover, in keeping with
their observed capacity to displace endogenous Hsl1 from the
bud neck and/or to sequester septins and thereby disrupt septin
collar organization at the bud neck, the same fragments that were
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Cdc10-mCh  Hsl1-GFP

Hsl1(1-1357)-Gin4(1003-1142)

Hsl1(1-1357)-KccA(877-1037)

Hsl1(1;1357)-GFP-Lact-C2

nounced G2/M delay manifested by both
Hsl1- and septin-deficient cells (McMillan
et al., 1999; Shulewitz et al., 1999; Lew,
2003; Sakchaisri et al., 2004).

DISCUSSION

We demonstrated here, using multiple inde-
pendent methods (localization of 400-resi-
due fragments of Hsl1, localization of trunca-
tions and internal deletions of otherwise
intact Hsl1, localization of fusions of portions
of Hsl1 to a GST-MBP-eGFP reporter, local-
ization of fusions of Hsl1 segments to its KA1
domain or alternative membrane-targeting
domains, and in vivo competition assays),
that coordinated action between a central
region (residues 611-950) of Hsl1 and its C-
terminal KA1 domain (Figure 10A) is both
necessary and sufficient for recruitment of
this protein kinase exclusively to the septin
collar at the bud neck. Based on our collec-
tive findings, the most parsimonious model
to explain this synergy is that the PtdSer-
binding KA1 domain concentrates Hsl1 at
the PM, permitting more efficient encounter
of its 611-950 septin-binding domain with
the septin filaments at the bud neck (because
the septin collar is also tightly associated with
the PM; Figure 10B). In addition, we also
showed that within the 611-950 segment,
there are two tandem yet distinct septin-as-
sociation elements that contain two different
conserved sequence motifs (643-688 and 877-910) and that both of
these elements contribute to ensuring that Hsl1 is localized efficiently
and solely to the septin collar. That these two elements act in a coop-
erative manner but each is sufficient for readily detectable bud neck
localization presumably explains why their joint role was overlooked
in a prior study (Crutchley et al., 2009) in which segments containing
each of the conserved regions were deleted but not both.

Here we also confirmed using biochemical methods that the re-
combinant 611-950 segment binds in vitro to purified polymerized
septin hetero-octamers and promotes filament formation, as ex-
pected for a protein whose binding stabilizes assembled filaments.
EM analysis revealed that the MBP-tagged 611-950 fragment deco-
rates filament bundles in a regular pattern with ~32-nm periodicity,
consistent with the repeat length of a hetero-octameric rod (Bertin
et al., 2008). In this regard, it is noteworthy that the two semiredun-
dant septin-associating elements within the 611-950 segment bear
little overt sequence relatedness to each other (aside from a similar
spacing of basic residues) and are not clearly conserved in Gin4,
Kec4, or any other protein kinase that is also localized at the bud
neck. This distinctiveness suggests that the septin-binding elements
in Hsl1 have uniquely evolved to recognize some specific feature of
assembled septin filaments. Therefore, in subsequent work, it will
be interesting to carry out further EM analysis with tagged septin
subunits (Bertin et al., 2008) and/or use other biophysical methods,
such as Forster resonance energy transfer (Booth et al., 2015), to
determine with which of the septin subunits the 611-950 domain
makes the most intimate contact.
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A Genotype
CDC10-mC HSL1 MIH1
CDC11-mC HSL1 MIH1
CDC10-mC hsl1A MIH1
CDC11-mC hsl1A MIH1

SD-URA SD+AA+5-FOA C

Cdc10-mCh Hsl1-GFP

Hsl1(1-1518; D239A)

CDC10-mC hsl1A mih1A £ M-I IN<)

€DC11-mC hsl1A mih1a X X B
[Covering vector pHSL1::URA3]

B HSL1 MIH1
Genotype (OE Hsl1 frag.) ' SD-LEU SGAL-LEU
Free eGFP

1-1518
1-1518; D239A

1-374

1-374; D239A

375-1518

1-1244

1-1244; D239A

1-610; 951-1518

1-610; 951-1518; D239A
1-662; 951-1518

1-662; 951-1518; D239A
1-374; 1358-1518

1-374; 1245-1518; D239A
1-374*-Lact-C2

1-374*; D239A-Lact-C2
611-950

611-950; 1245-1518
1245-1518

HSL1 mih1A
SD-LEU SGAL-LEU

0000000000090 000000
00000000000 ©000009
K EX XX TCEEXEER R
000 - 9000 © @go000 0

*eGFP present between Hsl1 fragment and Lact-C2 domain

Cells lacking mih14 provide a sensitized background for assessment of Hsl1
function. (A) Simultaneous absence of Mih1 and Hsl1 is lethal. Strains of the BY4741 lineage
expressing either Cdc10-mCherry (GFY-42) or Cdc11-mCherry (GFY-58) as indicated and
carrying the wild-type HLS1 and/or MIH1 loci or carrying an hsl14 mutation (GFY-1156 and
GFY-1157), an mih1A mutation (GFY-1881 and GFY-1882), or both (GFY-1737 and GFY-1738),
and harboring a wild-type copy of the HSL1 gene on a URA3-marked CEN plasmid
(PGFY-316-1VL924) were incubated for 2 d at 30°C on medium lacking uracil (left) or
containing 5-FOA (right) to select for the loss of the covering plasmid. (B) Toxicity of
overexpressed Hsl1 is ameliorated by eliminating its kinase activity, revealing that the
611-950 segment combined with the KA1 domain is necessary and sufficient to compete
for the function of endogenous Hsl1. Wild-type cells (BY4741, leftmost pair) or an otherwise
isogenic mih14 derivative (GFY-1652, rightmost pair) were transformed with plasmids
overexpressing from the GAL1/10 promoter eGFP alone (pGF-IVL391), full-length Hsl1
(fused to eGFP; pGF-IVL302), or the other indicated Hsl1 derivatives (pGF-IVL694, pGF-
IVL689, pGF-IVL932, pGF-IVL642, pGF-IVL643, pGF-IVL929, pGF-IVL893A, pGF-IVL893B,
pGF-IVL863, pGF-IVL894B, pGF-IVL895, pGF-IVL930, pGF-IVL896, pGF-IVL931, pGF-
IVL644, pGF-IVL645, and pGF-IVL646), grown overnight at 30°C in liquid SD-Leu medium
containing 2% raffinose and 0.2% sucrose, spotted onto agar plates containing SD-Leu (left)
or SGal-Leu (right), and incubated at 30°C for 3 d. In two constructs, C2't domain was
fused to the C-terminus of the Hsl1(1-374)-GFP or Hsl1(1-374; D239A) fragment, as
indicated. Red asterisks, overexpressed fragments containing both the 611-950 segment
and the KA1 domain cause an Hsl1-deficient phenotype in mih14 cells. (C) Hsl1 kinase-dead
(D239A) allele localizes normally. Cells of strain GFY-42 expressing both Cdc10-mCherry
from its endogenous locus and a full-length, catalytically inactive Hsl1 allele, Hs|1(D239A)
(tagged with eGFP), from a plasmid (pGF-IVL693) were visualized by fluorescence
microscopy. Scale bar, 2 pm.
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Strikingly, and consistent with its role
in mediating direct tethering of Hsl1 to
septins in vivo, overexpression of a GST-
Hsl1(611-950) fusion (with or without an ap-
pended KA1 domain) in which both the
cryptic I-NLS and the KEN and D-boxes
have been removed (to prevent any traffick-
ing to the nucleus and stabilize the fragment
against APC-initiated destruction) physically
displaced endogenously expressed Hsl1-
GFP from the bud neck and also caused
the formation of ectopic septin structures
distinct and separate from the bud neck.
The latter observation—that the 611-950
domain is able to redirect septin structures
to nonnative localizations—provides addi-
tional compelling evidence that this seg-
ment of Hsl1 binds directly to septin fila-
ments. Similarly, overexpression of the
septin-binding elements in other septin-as-
sociated proteins, such as the bud site se-
lection machinery components Bud3 (Guo
et al., 2011) and Bud4 (Kang et al., 2013),
are also able to redirect septins to ectopic
locations in vivo.

Our findings have important implica-
tions for understanding how association
with the septin collar promotes the function
of Hsl1. First, using the standard two-hybrid
method to assess protein—protein interac-
tion, Hanrahan and Snyder (2003) reported
that residues 987-1100 are the septin-bind-
ing region of Hsl1. Our results, however,
obtained by direct visualization in vivo and
direct binding assays in vitro, are com-
pletely at odds with that conclusion. In ad-
dition, that same study provided evidence,
again using the two-hybrid method, that
residues 987-1100 could associate with the
N-terminal kinase domain of Hsl1; however,
using GST pull-downs with purified pro-
teins, we were unable to detect any such
interaction (B. Gullbrand and J. Thorner,
unpublished data). Moreover, that same
study reported, based on Hsl1 autophos-
phorylation, that the presence of the puta-
tive 987-1100 inhibitory domain inacti-
vated Hsl1 kinase activity in vitro and that
addition of septins Cdc11 and Cdc12 to
that mixture restored Hsl1 kinase activity in
vitro; others, however, have been unable to
repeat those observations (Crutchley et al.,
2009; Szkotnicki et al., 2008). Similarly, in
our hands, and using recombinant Shs1 as
the phospho-acceptor (because it serves as
an efficient exogenous substrate for Hsl1),
addition of individual recombinant septins,
septin hetero-octamers, or assembled
septin filaments does not detectably stimu-
late full-length and septin-free Hsl1 purified
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A HSL1 MIH1 HSL1 mih1A

Genotype (OE Hsl1 frag.) SGAL-LEU
Empty vector

Free GST

GST-Hsl1(611-950%)
Hsl1(611-950*)-GST
GST-Hsl1(611-950%; 1245-1518)
Hsl1(611-950*; 1245-1518)-GST
GST-Hsl1(1245-1518)
Hsl1(1245-1518)-GST

SD-LEU

SD-LEU SGAL-LEU

* NLS mutated (R635A R636A K645A H648A K649A R653A K654A)
and KEN and D-box mutated (K775A E776A N777A R828A L831A)

B _ Cdc10-mCh Hsl1(WT

1. Empty Vector

2. GST-Hsl1(641-950%) 6. Hsl1(611-950)*-GST

+ prGAL1/10::HSL1 fragment

4. GST-Hsl1(1245-1518)

8. Hsl1(1245-1518)-GST
[Cultured overnight in galactose]

Preventing APC-mediated degradation and blocking nuclear import of the 611-950
fragment of Hsl1 markedly enhance its ability to confer an Hsl1-deficient phenotype by
displacing endogenous Hsl1 from the bud neck. (A) Wild-type cells (BY4741, leftmost pair) or an
otherwise isogenic mih1A derivative (GFY-1652, rightmost pair) were transformed with either
empty vector (pRS315) or derived plasmids overexpressing from the GAL1/10 promoter either
GST alone (pGF-IVL914) or the other indicated fragments of Hsl1 fused to GST (pGF-IVL911,
pGF-IVL916, pGF-IVL912, pGF-IVL917, pGF-IVL913, and pGF-IVL918), which were also tagged
with a FLAG epitope at the end opposite from that fused to GST and then propagated and
tested for growth as described in Figure 8B. (B) Strain GFY-1739, expressing both Cdc10-
mCherry and Hsl1-GFP from their endogenous loci, was transformed with the same plasmids as
in A, grown overnight to saturation in SD-Leu medium containing 2% raffinose and 0.2%
sucrose, backdiluted in SD-Leu medium containing 2% galactose, incubated for 4-5 h at 30°C,
and then examined by fluorescence microscopy. Arrowheads, mCherry-marked septins
deposited at ectopic locations. (C) Representative cells in cultures of the same strains as in B,
numbered 1-8 for clarity, that were grown overnight in SGal-Leu medium to saturation and then
examined by DIC. Images were scaled identically; scale bar, 2 pm.

from yeast (B. Gullbrand and J. Thorner, unpublished data). Hence
it seems unlikely that Hsl1 association with the septin collar leads to
its activation by alleviating intramolecular autoinhibition of this en-
zyme via the specific model proposed by Hanrahan and Snyder
(2003).

Second, although yeast AMPK (Snf1) is strongly activated by
phosphorylation on T210 in its activation loop by any of three up-
stream protein kinases (Sak1, Tos3, or EIm1; Elbing et al., 2006; Hed-
backer and Carlson, 2008), it is not so clear that modification of the
corresponding residue in members of the AMPK-like kinase group is
obligatorily required for their catalytic activity (Alessi et al., 2006;
Crozet et al., 2014). For example, in one study, it was reported that
the bud neck-associated AMPK-like kinases Gin4 and Kcc4 could be
phosphorylated and stimulated by the upstream bud neck-localized
kinase Elm1 but Hsl1 could not (Asano et al., 2006). In another study,

implicated in export.
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it was reported that EIm1 is capable of phos-
phorylating and stimulating Hsl1 but that
Hsl1 has a significant basal activity and the
degree of stimulation is rather modest (Sz-
kotnicki et al., 2008). In agreement with the
latter study, we find that the kinase domain
of Hsl1, Hsl1(1-500), expressed and purified
from Escherichia coli is intrinsically and ro-
bustly active as a protein kinase (again using
purified Shs1 as the substrate) in the absence
of any Elm1-mediated phosphorylation (B.
Gullbrand and J. Thorner, unpublished data).
For these reasons, we do not favor the model
that association of Hsl1 with the septin collar
leads to activation of the enzyme by placing
it in close proximity to an essential upstream
activator.

By contrast, because both the KEN box
(residues 775-781) and D-box (828-836)
that mediate APC-mediated destruction of
Hsl1 lie squarely within the septin-associat-
ing region that we identified (residues 611-
950; Figure 10A), we favor the view that as-
sociation of Hsl1 with the septin collar
promotes the function of this enzyme, at
least in part, by sparing it from degradation
rather than by stimulating its intrinsic cata-
lytic activity. Overall our findings support this
model. We found, first, that the level of GFP
fluorescence increased for any construct that
contained mutated KEN and/or D-boxes
compared with the corresponding Hsl1(611-
950) control. This effect was masked, how-
ever, when a KA1 domain-containing frag-
ment was appended onto each construct:
each displayed a robust signal at the septin
collar regardless of the presence or absence
of a mutated KEN and/or D-box. Thus Hsl1
fragments (such as 611-950) that are only
weakly septin associated and largely cyto-
solic/nuclear are readily accessible to APC-
initiated  ubiquitinylation and subsequent
degradation, whereas fragments (such as
the 611-950; 1245-1518 fusion), once effi-
ciently recruited and tightly bound to the
septin filaments in the collar, are protected
from being marked for degradation.

As noted in Results, in the course of our dissection of Hsl1, we
encountered what appeared to be rather numerous cryptic NLS and
NES elements in various fragments of this polypeptide, suggesting
that Hsl1 may undergo nucleocytoplasmic shuttling (either constitu-
tively or in a regulated manner). However, one hallmark of a protein
that undergoes such shuttling is accumulation in the nucleus if its
export is blocked. We found, however, that eliminating the function
of each of the four karyopherins known to mediate the export of
other proteins from the yeast nucleus did not cause any detectable
accumulation of Hsl1 inside the nucleus. Of course, we cannot rule
out that Hsl1 is ejected from the nucleus by either of two different
exportins or that Hsl1 is exported by a karyopherin not previously

In many respects, Hsl1 is a remarkably modular protein (Figure
10A). In particular, we found that for targeting to the septin collar at
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domain UBA region region domain
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185 369 410 462611 950 1144 1200 1357 1518

Septin
collar

(1) Concentration at the cortex via
PM-KA1 domain (1357-1518)
interaction

(2) Localization to the bud neck via
septin collar-septin-binding region
(611-950) interaction

FIGURE 10: Two-step mechanism for localization of Hsl1 to the septin
collar at the bud neck. (A) Diagram of Hsl1 with the locations of the
septin-binding region (pink) pinpointed in this study and the KA1
domain (purple) highlighted. As described in the text, the 611-950
segment contains two distinct and separable septin-association
elements, as well as the KEN and D-box APC recognition motifs
(orange bars). Residues 611-950 are both necessary and sufficient for
binding of Hsl1 to the septin filaments in the collar at the bud neck;
however, for optimal and exclusive recruitment of Hsl1 to this
location, interaction of the KA1 domain with the PM is required.

(B) Two-stage model for efficient recruitment of Hsl1 to the septin
collar. Left, at the bud neck, septin filaments are tightly associated
with the PM via their binding to PtdIns4,5P,, a lipid enriched at the
bud neck. The KA1 domain concentrates Hsl1 at the PM by binding to
PtdSer, another lipid that is also enriched at the bud neck. Thus the
most likely scenario to account for the observed synergy between the
KA1 domain and the 611-950 septin-binding segment is that
KA1-mediated concentration of Hsl1 at the PM permits more efficient
encounter of its 611-950 septin-binding domain with the septin
filaments. Right, subsequent Hsl1-dependent recruitment of Hsl7 to
the bud neck promotes degradation of Swe1, a negative regulator of
Clb-bound Cdk1/Cdc28, which, in conjunction with the action of the
phosphatase Mih1, fully releases Cdk1 from inhibition, allowing for
timely initiation of and passage through the G2/M transition of the
cell cycle.

the bud neck in vivo, the PtdSer-binding KA1 domain situated at the
extreme C-terminus of Hsl1 synergizes with the septin-binding ele-
ments embedded in the middle of the protein sequence. PtdSer is
a lipid that appears to be enriched at the bud neck (Fairn et al.,
2011). Thus it is possible that this synergy provides a mechanism to
couple information about the composition of the inner leaflet of the
PM with the degree of completeness of septin collar assembly to
ensure that cytokinesis is only executed when both are optimal for
all the processes necessary to separate the mother and daughter
cells (Howell and Lew, 2012). In the same regard, this arrange-
ment—presence of a membrane-binding domain at the extreme C-
terminus of a large protein that needs to be situated in intimate
contact with the septin collar at the bud neck to carry out its func-
tion—is not confined to Hsl1. Clearly, as shown originally by
Moravcevic et al. (2010) and confirmed here, both Gin4 and Kccé
have functional KA1 domains at their extreme C-termini, and it has
been shown that Gin4 contributes to regulating the lipid distribution
in the inner leaflet of the PM in a way that affects the efficiency of
cytokinesis (Roelants et al., 2015). Similarly, the septin-binding pro-
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teins Bud4 (Kang et al., 2013; Wu et al., 2015) and Boi1 (and its para-
logue Boi2; Hallett et al., 2002), which are necessary for proper
septin organization for bud emergence, have phosphoinositide-
binding pleckstrin homology domains at their extreme C-termini (Yu
et al., 2004), and PtdIns4,5P; is another lipid that appears to be
enriched at the bud neck (Garrenton et al., 2010). Moreover, septin
filament assembly is robustly stimulated in vitro by the presence of
Ptdins4,5P, in membranes (Bertin et al., 2010; Bridges et al., 2014);
in the cell, the septin filaments in the collar are tightly apposed to
the PM at the bud neck, and this association is required for their
function (Bezanilla et al., 2015; Finnigan et al., 2015b).

Conservation of the KA1 domain across Eukarya can be readily
detected on the basis of either sequence alignments or structural
homology (Moravcevic et al., 2010; Leonard and Hurley, 2011). It is
still unclear, however, whether KA1 domain-mediated membrane
association of Hsl1 must obligatorily precede Hsl1 binding to the
septin collar (Figure 10B). Perhaps tracking newly made Hsl1 by
single-molecule superresolution fluorescence microscopy could ad-
dress this issue. However, our data indicate that, at least with regard
to locking in Hsl1 at the septin collar, the primary role of the KA1
domain is to recruit Hsl1 to the PM. However, the KA1 domain in
other protein kinases has been ascribed additional roles. In Schizo-
saccharomyces pombe Cdr2 (closest apparent Saccharomyces cere-
visiae counterpart is Gin4), its KA1 domain is required not only for its
membrane binding, but also for its apparent oligomerization/clus-
tering at cortical septin—associated nodes that demarcate the incipi-
ent site of cell division (Rincon et al., 2014). In addition, sequences
at the C-terminus of Cdr2 (perhaps involving its KA1 domain) medi-
ate its interaction with another protein kinase, Cdr1 (closest appar-
ent S. cerevisiae counterpart is Kccd), a direct negative regulator of
fission yeast Wee1 (Guzman-Vendrell et al., 2015). In S. cerevisiae,
genetic analysis indicates that Gin4 and Kcc4 act semiredundantly
with Hsl1 to down-regulate Swe1 (Barral et al., 1999), although the
molecular mechanism by which they do so is rather obscure. In
mammalian cells, mutations designed to disrupt the fold of the C-
terminal KA1 domain in the DNA damage-activated protein kinase
Chk1 (Caparelli and O'Connell, 2013) led to constitutive activity
(Gong et al., 2015), consistent with an inhibitory role, perhaps medi-
ated by interaction of the KA1 domain with the kinase domain. For
MARK1/Par1c, a mammalian protein kinase involved in regulating
microtubule dynamics, cell polarity, and cell migration, there is more
direct, albeit preliminary, biochemical evidence that the isolated
KA1 domain binds to the purified kinase domain in-trans, that this
interaction inhibits the catalytic activity against a known exogenous
substrate (the microtubule-binding protein Tau), and that addition of
ligands that compete for binding to the KA1 domain partially allevi-
ate the observed inhibition, consistent with an autoinhibitory mech-
anism (R. P. Emptage, M. A. Lemmon, and K. M. Ferguson, personal
communication). Further work will be required to determine whether
the C-terminal KA1 domain in Hsl1 can exert a negative regulatory
effect on its catalytic activity by associating (in either cis or trans)
with its N-terminal kinase domain and, if so, whether PtdSer binding
to the KA1 domain, binding of septin filaments to the 611-950 do-
main, or both induce conformational changes that alleviate such
autoinhibition and enhance the specific activity of this enzyme.

In summary, the specific advances and new insights that we ob-
tained that were not known from any prior studies are 1) coordi-
nated action between a central region (residues 611-950) of Hsl1
and its C-terminal KA1 domain is both necessary and sufficient for
recruitment of this protein kinase exclusively to the septin collar at
the bud neck, a critical synergy not previously uncovered; 2) the
segment in Hsl1 (residues 987-1100) purported to mediate its
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recruitment to the septin collar reported by Hanrahan and Snyder
(2003) was incorrect; 3) the septin-binding region of Hsl1 comprises
two adjacent septin-targeting sequences, a fact previously over-
looked because in a prior, more limited deletion analysis (Crutchley
et al., 2009), a deletion big enough to cover both elements was not
made; 4) the KEN box (residues 775-781) and D-box (828-836) lie
squarely within the septin-binding region, and, therefore, associa-
tion of Hsl1 with the septin collar spares Hsl1 from APC-mediated
destruction; 5) with respect to promoting Hsl1 encounter and en-
gagement with the septin collar, the sole function of the PtdSer-
binding C-terminal KA1 domain in Hsl1 is to concentrate this protein
kinase at the plasma membrane; 6) although Crutchley et al. (2009)
reported that they were unable to detect interaction of any portion
of Hsl1 with septins in vitro, we documented, using both a sedimen-
tation assay and EM analysis, that the 611-950 segment of Hsl1
binds to septin filaments (and not to unassembled septin octamers);
and 7) in agreement with their role in mediating Hsl1 binding to the
septin collar, overexpression of residues 611-950 displaces endog-
enous Hsl1 from the bud neck.

MATERIALS AND METHODS

Yeast strains and plasmids

All budding yeast strains used in this study are listed in Table 1 (also
see Supplemental Table S1). Modern molecular biology techniques
were used to manipulate all DNA and yeast strains (Sambrook and
Russell, 2001). Strains deleted for HSL1T were generated using the
following protocol. First, chromosomal DNA was isolated from
hsl1A::KanR yeast (GFY-1541), and the HSLT locus was PCR amplified
with 500 base pairs of flanking 5’- and 3’-untranslated region (UTR)
and transformed into the appropriate strains (GFY-42 to obtain GFY-
1156, etc.). Proper deletions were confirmed by a series of diagnos-
tic PCRs using oligonucleotide primers that were either upstream or
downstream of the 500 base pairs of UTR used for amplification, as
well as primers specific to the KanR gene cassette. For strains that
also contained additional genetic modifications at other loci, diag-
nostic PCRs were also performed after each integration event. When
appropriate, drug resistance marker cassettes (Goldstein and

McCusker, 1999) were swapped to allow for use of the preferred in-
tegrating selection cassette. For creation of strains GFY-1561 to
GFY-1566, the modified hsl1 alleles were first constructed on a CEN-
based LEUZ2-marked plasmid (pRS315) using in vivo ligation and
homologous recombination (Finnigan and Thorner, 2015). After
plasmid construction, each Hsl1-expressing cassette was PCR ampli-
fied, including 450 base pairs of 5-UTR, the entire open reading
frame (ORF), the C-terminal triple-hemagglutinin (HA) epitope tag,
243 nucleotides of the ADHT terminator sequence (Bennetzen and
Hall, 1982), and the Nat® drug cassette (Goldstein and McCusker,
1999) in two fragments: the upstream PCR product included the
promoter and the front half of the HSLT ORF, whereas the down-
stream fragment included the remainder of the HSLT gene, the HA
tag, terminator, and drug cassette. The two fragments contain sev-
eral hundred base pairs of homology within their HSL1 sequence
and, after treatment with Dpnl to digest the template DNA, were
cotransformed into yeast containing hsl1A:Kanf (GFY-1156).
Because all of the MX4-based selection cassettes (Goldstein and
McCusker, 1999) contain an identical terminator sequence following
the drug resistance gene, the HSLT PCR fragments could 1) reas-
semble in vivo and 2) integrate at the endogenous HSLT locus. After
subsequent selection steps to ensure the proper marker swap (and
the presence of the CDC10::mCherry::SpHIS5 marker), multiple di-
agnostic PCRs were performed on each modified locus to ensure
proper integration.

Plasmids used in this study are listed in Table 2 (also see Supple-
mental Table S2). Unless otherwise indicated, the same in vivo liga-
tion protocol for vector generation was used (Finnigan and Thorner,
2015). Briefly, all modified Hsl1-expressing plasmids used a parent
vector that contained 500 base pairs of 5-UTR to the CDC11 gene,
a unique Notl restriction site, followed by the ADH1(t)-Kan® cas-
sette (pGF-IVL520). PCR amplification of one or more fragments of
HSL1 was performed to generate the appropriate gene fusions or
domain deletions, followed by cotransformation of linearized par-
ent vector and selection in yeast on rich medium containing G418
disulfide (Life Technologies, Carlsbad, CA). After rescue of the plas-
mid out of yeast (Finnigan and Thorner, 2015), vector DNA was

Strain Genotype Reference
BY4741 MATa leu2A ura3A met15A4 his3A Brachmann et al. (1998)
GFY-42 BY4741 cdc10A::CDC10::mCherry::SpHIS5 Finnigan et al. (2015b)
GFY-58 BY4741 cdc11A::CDC11::mCherry::SpHIS5 Finnigan et al. (2015b)
GFY-1156 BY4741 cdc104::CDC10::mCherry::SpHIS5 hsl1A::Kan® This study
GFY-1157 BY4741 cdc114::CDC11::mCherry::SpHIS5 hsl1A::Kan® This study
GFY-1881 BY4741 cdc104::CDC10::mCherry::SpHIS5 mih1A:Kan® This study
GFY-1882 BY4741 cdc114::CDC11::mCherry::SpHIS5 mih1A::Kan®R This study
GFY-17372 BY4741 cdc104::CDC10::mCherry::SpHIS5 hsl1A:Natk mih1A::KanR + pGF-316- This study

IVL924
GFY-17382 BY4741 cdc114::CDC11::mCherry::SpHIS5 hsl1A::Nat® mih1A::Kan® + pGF-316- This study

IVL924
GFY-1652° BY4742 mih1A::Kan®R Life Technologies
GFY-1739¢ BY4741 cdc104::CDC10::mCherry::SpHIS5 hsl1A::HSL1::GFP::Kan® This study

aStrains 1737 and 1738 were constructed by first switching the Kan® cassette of strains GFY-1156 and GFY-1157, respectively, to Nat®, followed by transformation of
the pRS316-based covering vector expressing WT HSL1 (pGF-316-IVL924) and, finally, deletion of MIHT using the knockout cassette from GFY-1652.

bAn isogenic clone was tested by multiple diagnostic PCRs from the haploid yeast genome deletion collection (Brachmann et al., 1998).

cThis strain was constructed by integrating prHSL1::HSL1(WT)::GFP::Kan® (amplified from pGF-IVL560) at the native HSLT locus in GFY-1656.

TABLE 1: Yeast strains used in this study.
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Plasmid Description Reference

pGF-IVL5212b pRS315; prCDC11::HSL1(1-1518)::eGFP::Kan® This study
pRS315 CEN, LEU2 Sikorski and Hieter (1989)
pGF-IVL561 pRS315; prCDC11::hsl1(1-400)::eGFP::Kan® This study
pGF-IVL562¢ pRS315; prCDC11::hsl1(200-600)::e GFP::Kan® This study
pGF-IVL563 pRS315; prCDC11::hs|1(400-800)::e GFP::Kan® This study
pGF-IVL564 pRS315; prCDC11::hsl1(600-1000)::eGFP::Kan® This study
pGF-IVL565 pRS315; prCDC11::hsl1(800-1200)::eGFP::Kan® This study
pGF-IVL566 pRS315; prCDC11::hsl1(1000-1400)::eGFP::Kan® This study
pGF-IVL567 pRS315; prCDC11::hsl1(1200-1518)::eGFP::Kan® This study
pGF-IVL522 pRS315; prCDC11::hsl1(1-1244)::eGFP::Kan® This study
pGF-IVL523 pRS315; prCDC11::hsl1(1-1357)::eGFP::Kan® This study
pGF-IVL524 pRS315; prCDC11::hsl1(1358-1518)::eGFP::Kan® This study
pGF-IVL525 pRS315; prCDC11::hsl1(1245-1518)::eGFP::Kan® This study
pGF-IVL526 pRS315; prCDC11::hsl1(1120-1518)::eGFP::Kan® This study
pGF-IVL527 pRS315; prCDC11::hsl1(800-1518)::eGFP::Kan®k This study
pGF-IVL528 pRS315; prCDC11::hsl1(620-1518)::eGFP::Kan® This study
pGF-IVL529 pRS315; prCDC11::hsl1(375-1518)::eGFP::Kan® This study
pGF-IVL530 pRS315; prCDC11::hsl1(1-1119; 1245-1518)::eGFP::Kan®k This study
pGF-IVL531 pRS315; prCDC11:hsl1(1-799; 1245-1518)::eGFP::KanRk This study
pGF-IVL532 pRS315; prCDC11:hsl1(1-619; 1245-1518)::eGFP::KanR This study
pGF-IVL533 pRS315; prCDC11::hsl1(1-374; 1245-1518)::eGFP::Kan® This study
pGF-IVL534 pRS315; prCDC11::hsl1(663-743; 1245-1518)::eGFP::KanR This study
pGF-IVL535 pRS315; prCDC11::hsl1(611-878; 1245-1518)::eGFP::Kan® This study
pGF-IVL536 pRS315; prCDC11:hsl1(611-950; 1245-1518)::eGFP::Kan® This study
pGF-IVL624 pRS315; prCDC11::hsl1(611-950; 1245-1357)::eGFP::KanR This study
pGF-IVL625 pRS315; prCDC11::hsl1(611-950; 1358-1518)::eGFP::Kan® This study
pGF-IVL626 pRS315; prCDC11::hsl1(1245-1357)::eGFP::Kan® This study
pGF-IVL601 pRS315; prCDC11::hsl1(663-950; 1245-1518)::eGFP::KanR This study
pGF-IVL602 pRS315; prCDC11::hsl1(711-950; 1245-1518)::eGFP::Kan®k This study
pGF-IVL603 pRS315; prCDC11::hsl1(744-950; 1245-1518)::eGFP::Kan® This study
pGF-IVL604 pRS315; prCDC11::hsl1(611-925; 1245-1518)::eGFP::KanR This study
pGF-IVL605 pRS315; prCDC11::hsl1(663-925; 1245-1518)::eGFP::Kan®k This study
pGF-IVL606 pRS315; prCDC11:hsl1(711-925; 1245-1518)::eGFP::Kan® This study
pGF-IVL607 pRS315; prCDC11::hsl1(744-925; 1245-1518)::eGFP::Kan® This study
pGF-IVL608 pRS315; prCDC11::hsl1(611-900; 1245-1518)::eGFP::KanR This study
pGF-IVL609 pRS315; prCDC11::hsl1(663-900; 1245-1518)::eGFP::Kan® This study
pGF-IVL610 pRS315; prCDC11:hsl1(711-900; 1245-1518)::eGFP::Kan® This study
pGF-IVL611 pRS315; prCDC11::hsl1(744-900; 1245-1518)::eGFP::KanR This study
pGF-IVL612 pRS315; prCDC11::hsl1(611-950)::eGFP::Kan® This study
pGF-IVL613 pRS315; prCDC11::hsl1(663-950)::e GFP::Kan® This study
pGF-IVL614 pRS315; prCDC11::hsl1(711-950)::eGFP::Kan® This study
pGF-IVL615 pRS315; prCDC11::hsl1(744-950)::e GFP::Kan® This study
pGF-IVL616 pRS315; prCDC11::hsl1(611-925)::eGFP::Kan® This study
pGF-IVL617 PRS315; prCDC11::hsl1(663-925)::e GFP::Kan® This study

TABLE 2: Plasmids used in this studly.
Continues
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Plasmid Description Reference

pGF-IVL618 pRS315; prCDC11::hsl1(711-925)::eGFP::Kan® This study

pGF-IVL619 pRS315; prCDC11::hsl1(744-925)::e GFP::Kan® This study

pGF-IVL620 pRS315; prCDC11::hsl1(611-900)::eGFP::Kan® This study

pGF-IVL621 pRS315; prCDC11::hsl1(663-900)::e GFP::Kan® This study

pGF-IVL622 pRS315; prCDC11::hsl1(711-900)::eGFP::Kan® This study

pGF-IVL623 pRS315; prCDC11::hsl1(744-900)::e GFP::Kan® This study

pGF-IVL665 pRS315; prCDC11:hsl1(1-662; 951-1518)::eGFP::Kan® This study

pGF-IVL666 pRS315; prCDC11::hsl1(1-610; 951-1518)::eGFP::Kanf This study

pGF-IVL709 PRS315; prCDC11::hsl1(1-610; 744-1518)::eGFP::Kan® This study

pGF-IVL710 pRS315; prCDC11::hsl1(1-743; 951-1518)::eGFP::Kan® This study

pGF-IVL711 pRS315; prCDC11::hsl1(1-664; 689-1518)::eGFP::Kan® This study

pGF-IVL81 69 PRS315; prCDC1 1::hsl1(1-1518 T665A L666A N668A S669A S671A K672A R673A  This study
S674A L675A Y676A S677A S680A 1681A S682A K683A R684A S685A N687A
L688A)::eGFP::KanR

pGF-IVL 7654 PRS315; prCDC1 1::hsl1(611-900 R635A R636A K645A H648A K649A R653A This study
K654A)::eGFP::Kan®

pGF-IVL 766¢ PRS315; prCDC11::hsI1(611-900 R663A R664A K672A R673A K683A This study
R684A)::eGFP::KanRk

pGF-IVL8184 PRS315; prCDC11::hsl1(611-900 T665A L666A N668A S669A S671A K672A R673A  This study
S674A L675A Y676A S677A S680A 1681A S682A K683A R684A S685A N687A
L688A)::eGFP::Kan®

pGF-IVL7624 PRS315; prCDC11::hsl1(611-950 R635A R636A K645A H648A K649A R653A This study
K654A)::eGFP::KanR

pGF—IVL763d PRS315; prCDC11::hsl1(611-950 R663A R664A K672A R673A K683A This study
R684A)::eGFP::KanR

pGF-IVL81 74 PRS315; prCDC11::hsl1(611-950 T665A L666A N668A S669A S671A K672A R673A  This study
S674A L675A Y676A S677A S680A 1681A S682A K683A R684A S685A N687A
L688A)::eGFP::KanR

pGF-IVL705d PRS315; prCDC11::hsl1(611-900; 1245-1518 R635A R636A K645A H648A K649A This study
R653A K654A)::eGFP::KanR

pGF-IVL76Od PRS315; prCDC11::hsl1(611-900; 1245-1518 R663A R664A K672A R673A K683A This study
R684A)::eGFP::KanR

pGF-IVLSZOd PRS315; prCDC11::hsl1(611-900; 1245-1518 T665A L666A N668A S669A S671A This study
K672A R673A S674A L675A Y676A S677A S680A 1681A S682A K683A R684A
S685A N687A L688A)::eGFP::KanR

pGF-IVL757d PRS315; prCDC11::hsl1(611-950; 1245-1518 R635A R636A K645A H648A K649A This study
R653A K654A)::eGFP::KanR

pGF-IVL758d PRS315; prCDC11::hsl1(611-950; 1245-1518 R663A R664A K672A R673A K683A This study
R684A)::eGFP::Kan®

pGF-IVL81 9d PRS315; prCDC1 1::hsl1(611-950; 1245-1518 T665A L666A N668A S669A S671A This study
K672A R673A S674A L675A Y676A S677A S680A 1681A S682A K683A R684A
S685A N687A L688A)::eGFP::Kan®

pGF-IVL638° PRS315; prCDC1 1::hsl1(1-1357)::gin4(1003-1142)::e GFP::Kanf This study

pGF-IVL639¢ pRS315; prCDC11::hsl1(611-950)::gin4(1003-1142)::eGFP::Kan® This study

pGF-IVL640° pRS315; prCDC11::hsl1(1-1357)::kcc4(877-1037)::e GFP::Kan® This study

pGF-IVL641¢ pRS315; prCDC11::hsl1(611-950)::kcc4(877-1037)::eGFP::KanR This study

pGF-IVL181¢ pRS315; prCDC11::eGFP::kcc4(877-1037)::Kan® This study

pGF-IVL184¢ pRS315; prCDC11::eGFP::gin4(1003-1142)::Kan® This study

TABLE 2: Plasmids used in this study.
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Plasmid Description Reference
pGF-IVL187 pRS315; prCDC11::eGFP::hsl1(1358-1518)::Kan® This study
pGF-IVL687° pRS315; prCDC11::hsl1(1-1357)::eGFP::Lact-C2(1-158)::Kan® This study
pGF-IVL688f pRS315; prCDC11::hsl1(611-950)::eGFP::Lact-C2(1-158)::Kan® This study
pGF-IVL708f pRS315; prCDC11::eGFP::Lact-C2(1-158)::Kan® This study
pPGFY-316-IVL9248  pRS316; prHSL1::HSL1(1-1518)::SHS1(3'UTR) This study
pGF-IVL693 pRS315; prCDC11::hsl1(1-1518 D239A)::eGFP::KanRk This study
pGF-IVL391 pRS315; prGAL1/10::eGFP::Kan® This study
pGF-IVL302" PRS315; prGAL1/10::HSL1(1-1518)::eGFP::SpHIS5 This study
pGF-IVL694 PRS315; prGAL1/10::hsl1(1-1518 D239A)::eGFP::SpHIS5 This study
pGF-IVL689 PRS315; prGAL1/10::hsl1(1-374)::eGFP::SpHIS5 This study
pGF-IVL932 PRS315; prGAL1/10::hsl1(1-374 D239A)::eGFP::SpHIS5 This study
pGF-IVL642 PRS315; prGAL1/10::hsl1(375-1518)::eGFP::SpHIS5 This study
pGF-IVL643 PRS315; prGAL1/10::hsl1(1-1244)::eGFP::SpHIS5 This study
pGF-IVL929 PRS315; prGAL1/10::hsl1(1-1244 D239A)::eGFP::SpHIS5 This study
pGF-IVL893A PRS315; prGAL1/10::hsl1(1-610; 951-1518)::eGFP::SpHIS5 This study
pGF-IVL893B PRS315; prGAL1/10::hsl1(1-610; 951-1518 D239A)::eGFP::SpHIS5 This study
pGF-IVL863 PRS315; prGAL1/10::hsl1(1-662; 951-1518)::eGFP::SpHIS5 This study
pGF-IVL894B PRS315; prGAL1/10::hsl1(1-662; 951-1518 D239A)::eGFP::SpHIS5 This study
pGF-IVL895 PRS315; prGAL1/10::hsl1(1-374; 1358-1518)::eGFP::SpHIS5 This study
pGF-IVL930 PRS315; prGAL1/10::hsl1(1-374; 1358-1518 D239A)::eGFP::SpHIS5 This study
pGF-IVL89é6f PRS315; prGAL1/10::hsl1(1-374)::eGFP::Lact-C2::SpHIS5 This study
pGF-IvL931f PRS315; prGAL1/10::hsl1(1-374 D239A)::eGFP::Lact-C2::SpHIS5 This study
pGF-IVL645 PRS315; prGAL1/10::hsl1(611-950)::eGFP::SpHIS5 This study
pGF-IVL644 PRS315; prGAL1/10::hsl1(611-950; 1245-1518)::eGFP::SpHIS5 This study
pGF-IVL646 PRS315; prGAL1/10::hsl1(1245-1518)::eGFP::SpHIS5 This study
pGF-IVL914) pRS315; prGAL1/10::GST::Kanf This study
pGF-IVL9 11k PRS315; prGAL1/10::GST::Hsl1(611-950 R635A R636A K645A H648A K649A This study
R653A K654A K775A E776A N777A R828A L831A)::FLAG::KanR
pGF-IVL916 PRS315; prGAL1/10:FLAG::Hsl1(611-950 R635A R636A K645A H648A K649A This study
R653A K654A K775A E776A N777A R828A L831A)::GST::KanR
pGF-IVL912 PRS315; prGAL1/10::GST::Hsl1(611-950; 1245-1518 R635A R636A K645A H648A This study
K649A R653A K654A K775A E776A N777A R828A L831A)::FLAG::KanR
pGF-IVL917 PRS315; prGAL1/10::FLAG::Hsl1(611-950; 1245-1518 R635A R636A K645A H648A  This study
K649A R653A K654A K775A E776A N777A R828A L831A)::GST::KanR
pGF-IVL913 PRS315; prGAL1/10::GST::Hsl1(1245-1518)::FLAG::Kan® This study
pGF-IVL918 pRS315; prGAL1/10::FLAG::Hsl1(1245-1518)::GST::Kan® This study
p42m 2E; CDC3 CDC10 CDC11 6xHis-CDC12 This study
pXSMS001" pHM3C-LIC; éxHis::MBP::PreScission cleavage::Hsl1(611-950) Kan® This study
pPXSMS008" pHM3C-LIC; éxHis::MBP::PreScission cleavage Kan®k This study

2For clarity, rather than present the deleted residues, the numbering system for alleles of HSL1 presents the amino acid resides still present within the final protein

sequence.

bFor variants of Hsl1 that include the CDC11 promoter and are C-terminally tagged with eGFP::KanR, the following construction strategy was used to aid in plasmid
generation. First, a parent vector (pGF-IVL520) was generated that contained prCDC11::eGFP::Kan with a unique Notl restriction site between the promoter se-

quence and the first codon of eGFP. In vivo ligation and homologous transformation was used to gap repair the linearized parent vector to insert the fragment(s) of
HSL1 sequence. In addition, due to the large size of the HSL1 gene, multiple PCRs were often generated containing a significant amount (several hundred bases) of
homology to link adjacent fragments.
For Hsl1 constructs that did not include the native N-terminal sequence of Hsl1 (such as pGF-IVL562), a start codon was included within the parent vector (pGF-
IVL520); the numbering scheme excludes this initiator Met residue.
dSuccessive rounds of a modified QuikChange PCR mutagenesis protocol (Zheng et al., 2004) were performed on a fragment of Hsl1(611-950) subcloned into a

TOPO-II vector (pGF-V672; Life Technologies) to mutate the desired residues to alanine before creation of the final yeast vector using in vivo ligation and homolo-

gous recombination.
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¢The KA1 domains Gin4(1003-1142) and Kcc4(877-1037) were defined as previously described (Moravcevic et al., 2010).

fThe Bos taurus lactadherin C2 (Lact-C2) domain (Shao et al., 2008) was fused to each construct on the C-terminus of eGFP. The numbering scheme for Lact-C2
refers to the specific domain and not the full-length lactadherin protein. The template DNA used to amplify the Lact-C2 domain is plasmid 22853 (Addgene, Cam-
bridge, MA).

9The URA3-based covering vector expressing WT HSL1 was constructed by first constructing prHSLT::HSL1(1-1518)::SHS1(3'UTR) in a pRS315 vector containing

a unique Notl restriction site downstream of the SHS1 3’ UTR sequence and the Nat® cassette (pGF-IVL924). The HSL1 cassette was then subcloned to pRS316
(Notl/Spel sites).

"For plasmids expressing Hsl1 under control of the GAL1/10 promoter and C-terminally tagged with eGFP::SpHIS5, a parental vector was first constructed (pGF-
IVL300), which included the GAL1/10 promoter linked to eGFP::SpHIS5 on pRS315 with a unique Notl restriction site. In vivo ligation and homologous recombina-
tion were used to insert the desired HSL1 fragment(s) into this vector.

iFor alleles of Hsl1 that included point mutation(s), a modified QuikChange protocol (Zheng et al., 2004) was used to generate the appropriate substitutions on frag-
ments of Hsl1 subcloned into a TOPO-II vector (Life Technologies) before PCR amplification for plasmid construction. Multiple substitutions, such as in pGF-IVL821,
were performed by successive rounds of QuikChange PCR.

IThe GST tag was amplified from vector pJT4649 in constructs pGF-IVL911 to pGF-IVL914 and pGF-IVL916 to pGF-IVL918 and ends with the amino acid sequence
PGIHRDGG in each of the aforementioned vectors.

“The single FLAG epitope tag has the sequence DYKDDDDK in vectors pGF-IVL911 to pGF-IVL913 and pGF-IVL916 to pGF-IVL918 and was inserted using in vivo
ligation.

"The Hsl1 vectors pGF-IVL911, pGF-IVL912, pGF-IVL916, and pGF-IVL917, which contain the fragment from residue 611-950, also contain the mutations to disrupt
the putative NLS signal (R635A R636A K645A H648A K649A R653A K654A), as well as both the KEN and D-box motifs (K775A E776A N777A R828A L831A). The

constructs were assembled using in vivo ligation and used pGF-IVL762 and pGF-IVL654 as templates to combine all of the necessary mutations and fragments.

mAddgene vector 29775, provided by Scott Gradia at the QB3 Macrolab, University of California, Berkeley. This vector includes a kanamycin resistance gene.
"Both vectors contain the kanamycin resistance gene. In addition, the PreScission cleavage site included after the MBP sequence is from the human rhinovirus 3C
protease cleavage site with the sequence LEVLFQGP. For plasmid pXSMS008, a STOP codon was mutated within the first codon of the Hsl1 sequence.

TABLE 2: Plasmids used in this study. Continued

transformed into chemically competent TOP10 E. coli (Life Tech-
nologies). Single clonal isolates were extracted from bacteria and
tested using diagnostic PCRs to ensure that the resulting vectors
contained all of the required PCR fragments. Finally, the entire ORF
(including junctions to both the promoter and terminator) was con-
firmed using DNA sequencing (University of California, Berkeley,
DNA Sequencing Facility). In general, the DNA template for PCR
amplification for Hsl1-expressing vectors was either full-length wild-
type (WT) HSLT (from pGF-IVL521) or a small fragment (residues
611-950; pGF-V672) that was subcloned into a TOPO Il bacterial
vector (Life Technologies). When appropriate, other Hsl1-contain-
ing vectors were used as DNA template for the creation of addi-
tional vectors; Dpnl digestion after PCR amplification was used in
these cases.

Culture conditions

Yeast were grown in YPD medium (1% yeast extract, 2% peptone,
2% dextrose) or in synthetic drop-out medium containing the ap-
propriate amino acids and either dextrose (2%) or a raffinose (2%)
and sucrose (0.2%) mixture. Serial dilution (fivefold) growth assays
were performed by spotting ~5 pl of an overnight yeast culture di-
luted to ~1 Agoo nm unit of cells with water onto agar plates. For
strains harboring temperature-sensitive mutations or strains grown
at varying temperatures, the following protocol was used. First,
yeast were selected twice at room temperature on medium con-
taining 5-fluoroorotic acid (5-FOA; Oakwood Products, West Co-
lumbia, SC; final concentration of 0.5 mg/ml; heated for 30 min to
at least 70°C and filter sterilized, not autoclaved) in order to coun-
terselect any URA3-based covering vectors expressing WT copies
of essential septin subunits (e.g., CDC11 in pJT1520). Next, strains
were grown overnight in YPD at 22-25°C before spotting and incu-
bating for 2-3 d at the indicated temperatures before being im-
aged. For the temperature-sensitive strains expressing either xpo1-
1 or csel-1, two clonal isolates were struck onto YPD plates and
incubated for 4 d (25, 30, and 37°C) or 14 d (11°C). For growth as-
says on medium containing galactose, strains were grown over-
night at 30°C in synthetic drop-out cultures containing raffinose
and sucrose before being directly spotted onto plates containing
(2%) galactose and lacking leucine and incubated for 3 d before
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imaging. For growth tests of strains deleted for both HSLT and
MIH1, cultures were grown overnight in SD-URA (to maintain the
URA3-based covering plasmid expressing WT HSL1) and spotted
onto synthetic complete medium with or without 5-FOA and incu-
bated for 3 d before imaging.

Fluorescence microscopy

For all microscopy imaging, yeast were grown to exponential phase
(Agoo nm = 0.7-1.0 U) in YPD cultures at 30°C unless otherwise noted,
harvested, washed with water, and prepared on standard micro-
scope slides with a coverslip. Samples were imaged within 5 min of
slide preparation on an Olympus BH-2 upright fluorescence micro-
scope (Olympus, Tokyo, Japan) with a 100x objective lens and illu-
minated with a SOLA light source (Lumencore, Beaverton, OR). A
CoolSNAP MYO charge-coupled device camera (Photometrics, Tuc-
son, AZ), Micro-Manager software (Edelstein et al., 2010), and Im-
ageJ (National Institutes of Health, Bethesda, MD) software were
used to obtain and analyze all images. All images were treated iden-
tically and rescaled together. The cell perimeter was determined
using an overexposed fluorescence image. Representative images
were chosen for each genotype, and all experiments were per-
formed in triplicate or quadruplicate. All images were taken using
identical exposures for both fluorescence channels. To quantify GFP
fluorescence at the bud neck, a box tool was used in ImageJ to
outline the bud neck region in cells that also had a septin ring
(marked with mCherry) that had not yet split into two rings. The aver-
age pixel intensity was measured in triplicate across multiple images
from separate trials, and error represents the SD of the mean value.
For quantification of the fluorescent signal present on the cell pe-
riphery, the following strategy was used (Supplemental Figure S3).
First, the maximum pixel intensity was measured for four lines (Im-
ageJ line tool) bisecting the plasma membrane (PM) of a given cell.
Next, four lines measured the average pixel intensity of randomly
chosen sections of the cytosol for the same cell that did not extend
across the cell periphery. Finally, the average PM,,,x measurement
was divided by the cytosol,,q measurement to yield the arbitrary
ratio of PM:cytosol. At least 35-50 cells for each genotype were
measured in triplicate, and the error represents the SD of the mean.
For strains expressing the cdc12-6::mCherry temperature-sensitive
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allele, yeast were grown in SD-Leu cultures overnight at 25°C, back-
diluted to Ago nm = 0.30, and grown for 5 h in fresh SD-Leu. Samples
were shifted to a 37°C water bath for 1 h, harvested, and imaged
within 5 min. For yeast expressing exportin ts alleles, cultures of SD-
Ura (harboring vector pGF-IVL774) were grown overnight at 30°C,
backdiluted to 22°C for 5 h, and then shifted to a 12°C water bath
(for cse1-1) or to 37°C (for xpo1-1) for 6 h before imaging. For yeast
strains containing vectors under control of the GAL1/10 promoter,
cultures were grown overnight in a raffinose and sucrose mixture,
backdiluted into synthetic medium containing 2% galactose, and
grown at 30°C for 4-5 h before imaging. For differential interference
contrast (DIC) microscopy (Figure 8C), cultures were grown over-
night to saturation in synthetic medium containing galactose at
30°C, washed with water, and directly imaged.

Expression and purification of septin complexes
Cdc11-capped octamers were expressed from a single vector con-
structed via ligation-independent cloning (Aslanidis and de Jong,
1990) such that CDC3, CDC10, CDC11, and CDC12 were incorpo-
rated into a bicistronic DUET (Life Technologies) vector. The vector
contained compatible origins of replication that were previously
used for septin complex expression (Versele et al., 2004; Bertin
et al., 2008). Plasmids were transformed into E. coli NiCo21 (DE3;
New England Biolabs, Ipswich, MA) to allow for removal of chitin-
modified endogenous E. coli gene products (Robichon et al., 2011;
Booth et al., 2015). Bacterial cultures (1 |) were grown at 37°C to
Ag00 nm = 0.8-1.0 and induced with isopropyl-B-p-thiogalactoside at
a final concentration of 0.5 mM. After 16-20 h of induction at 16°C,
cells were harvested by centrifugation and resuspended in lysis buf-
fer at 4°C (300 mM KCl, 50 mM Tris-HCI [pH 8.0 at 4°C], 2 mM
MgCl,, 20 mM imidazole, 12% glycerol, 0.5% Tween-20, protease
inhibitor mix [Complete, EDTA-free; Roche, Indianapolis, IN], 40 uM
GDP, 0.1% 1-thioglycerol, and 0.2 mg/ml lysozyme). Cells were fro-
zen and stored at —80°C until purification.

Frozen cell pellets were thawed and agitated for 30 min in 4°C
water. Cells were physically broken via sonication at 4°C for six 30-s
pulses with 2-min cooling intervals via a Misonix 3000 sonicator. The
cell lysate was clarified by centrifugation at 25,000 x g for 45 min at
4°C. Immobilized metal affinity chromatography (IMAC)-contami-
nating proteins tagged with a chitin-binding domain were first re-
moved by incubating clarified lysate with chitin-agarose resin for
30 min. The flowthrough containing the septin complexes and re-
maining endogenous E. coli gene products was subjected to IMAC
on Ni?*-nitriloacetic acid (NTA) agarose beads (GE Healthcare,
Pittsburgh, PA), leveraging an N-terminal Hisq tag on Cdc12. After
incubation, the beads were washed (wash buffer: 300 mM KCl,
50 mM Tris-HCI [pH 8.0 at 4°C], 25 mM imidazole, and 0.1% 1-thio-
glycerol), and products were eluted in 0.5-ml fractions (elution buf-
fer: 300 mM KCl, 50 mM Tris-HCl [pH 8.0 at 4°C], 300 mM imidazole,
and 0.1% 1-thioglycerol). Fractions containing the highest concen-
tration of protein (visual via Thermo Scientific Pierce Coomassie Plus
[Bradford] Protein Assay and separate Apggn, measurement with a
NanoDrop 8000 [Thermo Scientific, Wilmington, DE]) were pooled
and filtered with a 0.2 ym polyvinylidene fluoride membrane. A 5-ml
amount of the filtered product was loaded on a Superdex 200 Hi-
Load 16/60 column (GE Healthcare) via an AKTA FPLC system (GE
Healthcare) for size-exclusion chromatography in high-salt buffer
(300 mM KCI, 50 mM Tris-HCl [pH 8.0 at 4°C], and 0.1% 1-thioglyc-
erol). The 1-ml fractions were collected, analyzed by SDS-PAGE,
and stained with colloidal Coomassie G-250 (InstantBlue; Expedeon,
San Diego, CA). Fractions with the highest concentration (Azgonm
measurement with a NanoDrop 8000) of stoichiometric septin com-
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plexes were pooled, flash frozen (liquid nitrogen), and stored at
—80°C until use.

Expression and purification of MBP-Hsl1(611-950) and MBP
Using the In-Fusion HD Cloning Plus kit (Takara Clontech, Mountain
View, CA), we inserted Hsl1(611-950) into the pHM3C-LIC vector at
the Smal site. The Hsl1(611-950) sequence was derived from
pGF1966+IVL678. Standard site-directed mutagenesis (Wang and
Malcolm, 1999) was used to construct the MBP expression vector
from the MBP-Hsl1(611-950) vector by substitution of a single nu-
cleotide creating a stop codon. Expression of each construct fol-
lowed the procedure detailed for the septin complexes. The purifi-
cation process for each protein followed the details of the septin
complex purification with the addition of an anion exchange chro-
matography step afterthe IMAC. Specifically, for MBP-Hsl1(611-950),
Ni2*-NTA fractions with the highest concentration were pooled and
diluted to 82 mM KCI, 20 mM Tris-HCl (pH 8.0 at 4°C), 82 mM imid-
azole and 0.1% 1-thioglycerol for loading on a 1-ml HiTrap Q HP
column (GE Healthcare) via an AKTA FPLC system (10-ml sample
loop). For MBP, a single Ni2*-NTA fraction was diluted to 22.5 mM
KCI, 20 mM Tris-HCI (pH 8.0 at 4°C), 22.5 mM imidazole, and 0.1%
1-thioglycerol for loading on a 1-ml HiTrap Q HP column via an
AKTA FPLC system (5-ml sample loop). Protein was eluted via a salt
gradient from the starting salt concentration listed for each protein
to 1 M KCI, 20 mM Tris-HClI (pH 8.0 at 4°C), and 0.1% 1-thioglycerol.
Fractions were analyzed via SDS-PAGE and visualized with Instant-
Blue, and the peak fractions were pooled, filtered, and subjected to
size-exclusion chromatography as described for the septin com-
plexes. Proteins were flash frozen (liquid nitrogen), and stored at
—80°C until use.

Cosedimentation assay

All proteins were thawed on ice, and protein concentration was de-
termined via Azgonm Measurement (NanoDrop 8000). Septin com-
plexes were diluted alone or combined with MBP-Hsl|1(611-950) or
MBP in a 1:2 M ratio (Cdc11-capped octamers: MBP-Hs|1(611-950)
or MBP alone) in both high-salt (300 mM KCl, 50 mM Tris-HCI [pH
8.0 at 4°C], and 0.1% 1-thioglycerol) and low-salt conditions (85 mM
KCl, 50 mM Tris-HCI [pH 8.0 at 4°C], and 0.1% 1-thioglycerol). As
controls, MBP-Hsl1(611-950) and MBP were also subjected to the
same dilution in high- and low-salt buffers. The diluted samples were
incubated at room temperature for 30 min, followed by centrifuga-
tion at 313,000 x g for 15 min at room temperature (TLA-100 rotor,
Optima Max UltraCentrifuge; Beckman Coulter, Brea, CA). The su-
pernatant fraction was removed immediately and the corresponding
pellet resuspended in an equivalent volume of high-salt buffer (300
mM KCI, 50 mM Tris-HCI [pH 8.0 at 4°C], and 0.1% 1-thioglycerol).
The resulting samples were resolved by SDS-PAGE and stained with
InstantBlue, and the gel was imaged using a Gel Doc EZ system (Bio-
Rad, Hercules, CA).

EM and image collection

Protein samples were diluted and combined in the same ratio and for
the same incubation period as in the cosedimentation assay. Con-
tinuous carbon grids (carbon supported by nitrocellulose on a cop-
per grid, 400 mesh) were plasma cleaned (Solarus, Gatan, Pleasan-
ton, CA), and the samples were adsorbed on the surface for 45 s,
followed by staining with 2% uranyl formate and air drying. Electron
micrographs were collected in a Tecnai T12 electron microscope
(FEI, Hillsboro, OR) operated at 120 kV and equipped with a CMOS
camera (TVIPS TemCam F416; Gauting, Germany). Micrographs
were taken at 49,000x magnification using an ~—1-um defocus.
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