Spindle pole bodies function as signal amplifiers

in the Mitotic Exit Network
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ABSTRACT The Mitotic Exit Network (MEN), a budding yeast Ras-like signal transduction
cascade, translates nuclear position into a signal to exit from mitosis. Here we describe how
scaffolding the MEN onto spindle pole bodies (SPB—centrosome equivalent) allows the MEN
to couple the final stages of mitosis to spindle position. Through the quantitative analysis of
the localization of MEN components, we determined the relative importance of MEN signal-
ing from the SPB that is delivered into the daughter cell (dSPB) during anaphase and the SPB
that remains in the mother cell. Movement of half of the nucleus into the bud during ana-
phase causes the active form of the MEN GTPase Tem1 to accumulate at the dSPB. In re-
sponse to Tem1’s activity at the dSPB, the MEN kinase cascade, which functions downstream
of Tem1, accumulates at both SPBs. This localization to both SPBs serves an important role in
promoting efficient exit from mitosis. Cells that harbor only one SPB delay exit from mitosis.
We propose that MEN signaling is initiated by Tem1 at the dSPB and that association of the
downstream MEN kinases with both SPBs serves to amplify MEN signaling, enabling the
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timely exit from mitosis.

INTRODUCTION

At the end of mitosis, inactivation of cyclin-dependent kinases (CDKs)
causes the progression from mitosis into G1, a transition known as
mitotic exit. During this transition, the mitotic spindle disassembles,
chromosomes decondense, and cells split into two. In the budding
yeast Saccharomyces cerevisiae, mitotic CDK inhibition occurs in two
steps (reviewed in Sullivan and Morgan, 2007). During the meta-
phase to anaphase transition, a ubiquitin ligase known as the
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Anaphase Promoting Complex or Cyclosome (APC/C) targets S
phase and mitotic cyclins for degradation, decreasing CDK activity
(Imiger et al., 1995; King et al., 1995; Sudakin et al., 1995; Tugend-
reich et al., 1995). A pool of mitotic cyclins is, however, protected
from degradation by an unknown mechanism. This residual pool of
mitotic CDK activity sustains anaphase events such as spindle elon-
gation. Once anaphase has been completed, the remaining mitotic
CDK pool is inactivated. This inactivation requires the essential pro-
tein-phosphatase Cdc14. Cdc14 promotes the synthesis of the CDK
inhibitor Sic1 and triggers mitotic cyclin degradation by dephos-
phorylating the APC/C activator Cdh1(Taylor et al., 1997; Jaspersen
et al., 1998; Visintin et al., 1998; Zachariae et al., 1998). Dephos-
phorylation of CDK substrates by Cdc14 further contributes to exit
from mitosis (Bouchoux and Uhlmann, 2011). The second, Cdc14-
mediated, wave of mitotic CDK inactivation, is essential. In the ab-
sence of Cdc14 activity, cells fail to exit from mitosis and arrest in
anaphase.

To maintain genome integrity, mitotic exit is coordinated with
nuclear position. Cells only exit from mitosis when a genome com-
plement has been delivered through the bud neck into the bud. This
coordination mechanism impinges on Cdc14 activity. When the nu-
cleus fails to translocate into the bud during anaphase, Cdc14 re-
mains inactive and cells arrest in anaphase without exiting from mi-
tosis (Yeh et al., 1995; Bardin et al., 2000; Pereira et al., 2000). The
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Mitotic Exit Network (MEN), a Ras-like GTPase signal transduction
cascade, controls Cdc14 activity in response to nuclear position
(Bardin et al., 2000; Pereira et al., 2000). MEN components localize
to the cytoplasmic face of spindle pole bodies (SPBs), the yeast
equivalent of centrosomes. As described in detail below, this local-
ization allows the MEN to sense nuclear position.

The MEN is composed of the GTPase Tem1, the protein kinase
Cdc15, the protein kinase-complex Dbf2-Mob1, and the scaffold
protein Nud1 (Figure 1A). During mitosis, Tem1 accumulates at
SPBs (Bardin et al., 2000; Pereira et al., 2000; Molk et al., 2004). This
appears critical for MEN function as constitutively anchoring Tem1
to SPBs hyperactivates the pathway, making it unresponsive to spin-
dle position (Valerio-Santiago and Monje-Casas, 2011). Tem1 to-
gether with the polo-kinase Cdc5 recruits the protein kinase Cdc15
to SPBs (Rock and Amon, 2011). Once active, Cdc15 phosphory-
lates the MEN scaffold Nud1, creating a SPB docking site for Dbf2-
Mob1 (Rock et al., 2013). On recruitment to SPBs, Cdc15 activates
Dbf2-Mob1, which in turn activates Cdc14 (Mah et al., 2001; Mohl
et al., 2009; Manzoni et al., 2010). Cdc14 is controlled by an inhibi-
tor called Cfi1/Net1 (Shou et al., 1999; Straight et al., 1999; Visintin
etal., 1999). From G1 until anaphase this inhibitor sequesters Cdc14
in the nucleolus. During anaphase, activated Dbf2-Mob1 promotes
the release of Cdc14 from its inhibitor. As a result, Cdc14 spreads
throughout the nucleus and cytoplasm to promote mitotic exit.

Spindle position regulates MEN activity. Two models have been
proposed to explain this regulation—the “zone model” and the
“sink model.” Both models are based on the localization pattern of
the MEN GTPase Tem1 and its regulators. Tem1 localizes weakly to
both SPBs in metaphase and subsequently becomes enriched on
the SPB that migrates into the daughter cell, henceforth dSPB, dur-
ing anaphase (Bardin et al., 2000; Pereira et al., 2000; Molk et al.,
2004). This localization is partially dependent on Tem1’s GTPase ac-
tivating protein complex Bub2-Bfal(Pereira et al., 2000; Valerio-
Santiago and Monje-Casas, 2011; Caydasi et al., 2012). The MEN
GAP complex localizes to both SPBs during metaphase, preferen-
tially accumulating at the SPB that will move into the daughter cell
(Lengefeld et al., 2017). During anaphase, Bub2-Bfal becomes in-
creasingly asymmetric, localizing exclusively to the dSPB (Pereira
et al., 2000). The localization of proteins regulating Tem1 function is
also asymmetric. The Tem1 inhibitor Kin4 localizes to the mother
cell where it promotes dissociation of the Tem1 anchor Bub2-Bfa1
from SPBs, thereby inhibiting Tem1 (D’Aquino et al., 2005; Pereira
and Schiebel, 2005; Fraschini et al., 2006; Maekawa et al., 2007;
Caydasi and Pereira, 2009; Scarfone et al., 2015). The Tem1 activa-
tor Lte1 localizes to the bud where it inhibits Kin4 from interacting
with the dSPB, thereby activating Tem1 (Bertazzi et al., 2011; Falk
et al., 2011). Lte1 likely also activates Tem1 in additional ways by
promoting Tem1's GDP exchange activity (Falk et al., 2016a).

Based on these localization patterns, the zone model proposes
that the cell is divided into two zones: a Tem1 inhibitory-zone in the
mother cell and a Tem1 activating-zone in the daughter cell (Chan
and Amon, 2010; Falk et al., 2016b; Figure 1, B and C). Tem1 is ac-
tivated at the SPB when it traverses the bud neck and moves into
the bud. On the dSPB Tem1, together with Cdc5, activates Cdc15.
This model, however, leaves the localization and presumably activity
of Tem1 and Cdc15 on the mother cell SPB, henceforth mSPB, un-
explained. The sink model aims to explain this very shortcoming of
the zone model. In the sink model (Figure 1C), the dSPB serves as a
sink for the Tem1 GAP, allowing Tem1 to activate Cdc15 at the
mSPB (Fraschini et al., 2006; Hotz and Barral, 2014). This model,
however, fails to explain the observation that Kin4 inhibits MEN ac-
tivity in the mother cell (D’Aquino et al., 2005; Pereira and Schiebel,
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FIGURE 1: The MEN and models describing MEN regulation by
spindle position. (A) The MEN. The GTPase Tem1 recruits the protein
kinase Cdc15 to SPBs. Activated Cdc15 phosphorylates the SPB-
associated scaffold Nud1, recruiting the protein kinase-complex
Dbf2-Mob1 to SPBs. Cdc15 activates Dbf2-Mob1 at the SPBs and
Dbf2-Mob1 then triggers exit from mitosis. (B, C) The MEN is
regulated by spindle position. (B) When anaphase spindle elongation
fails to occur along the mother—daughter axis, leaving the spindle and
both SPBs in the mother cell (mispositioned spindle), the MEN does
not become active and cells arrest in anaphase. Asymmetric
localization of the MEN inhibitor Kin4 to the mother cell prevents
Tem1 activity at mSPBs by modifying the MEN GAP complex,
Bub2-Bfa1. (C) Anaphase spindle elongation along the mother-
daughter axis delivers a SPB into the daughter cell, activating the
MEN and causing cells to exit from mitosis. The zone model describes
a MEN-activating zone in the daughter cell and a MEN-inhibitory zone
in the mother cell governed by Lte1 and Kin4, respectively. Tem1 is
activated at the dSPB by Lte1, causing mitotic exit. The sink model
posits that the dSPB acts as a sink, sequestering the MEN GAP
complex away from the mSPB and inhibiting Tem1 at the dSPB.
Sequestration leaves Tem1 uninhibited at the mSPB, activating the
MEN and causing exit from mitosis.

2005; Fraschini et al., 2006; Maekawa et al., 2007; Scarfone et al.,
2015).

In this paper, we aim to distinguish between the zone and sink
models by clarifying from which SPB MEN signaling emanates. We
find that movement of a SPB into the daughter cell during early
anaphase causes the MEN GTPase Tem1 to accumulate at the
dSPB. Tem1’s activity at the dSPB then causes the MEN kinases to
associate with both the mSPB and the dSPB where they are active.
We propose that MEN signaling is initiated at the dSPB, but ampli-
fication of the signal at the mSPB allows cells to rapidly exit from
mitosis.

RESULTS

Tem1 binds to mother- and bud-localized SPBs via different
mechanisms

To determine how the MEN senses spindle position, it was impor-
tant to quantitatively describe the association of Tem1 with SPBs.
We analyzed the dynamics of Tem1-GFP binding to SPBs by time-
lapse microscopy and quantified the Tem1-GFP signal at SPBs using
maximum projections. We chose this Tem1 fusion because it is not
known to increase Tem1’s activity (Supplemental Figure S1). Translo-
cation of a SPB into the bud during anaphase caused Tem1-GFP to
become enriched at SPBs (Figure 2A). Tem1-GFP first accumulated
at the dSPB and subsequently accumulated at the mSPB (Figure
2A). Tem1-GFP disassociated from both SPBs at the time cells ex-
ited mitosis and returned to G1. We note that it has previously been
reported that Tem1 localizes to SPBs in metaphase (Bardin et al.,
2000; Pereira et al., 2000) and subsequently increases in intensity as
a SPB crosses the bud neck during anaphase (Molk et al., 2004;
Caydasi et al., 2012). In contrast, we did not detect Tem1-GFP on
SPBs in metaphase. This is likely due to differences in image
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Tem1 accumulates at the SPB that moves into the daughter cell during anaphase. (A-E) Quantification and
representative images of Tem1 localization at the SPBs. Cells were imaged by time-lapse microscopy every 5 min for

3-6 h to determine the intensity (max(SPB)-mean(slide)) of Tem1 at either the mother cell-localized SPB (mSPB) or the
daughter cell-localized SPB (dSPB). In metaphase, the SPB closer to the bud neck was designated as the dSPB. Curves
show mean and SD for 20 cells per condition. Data were centered at the first frame of anaphase (spindle length >3 pm).

Student’s t test was used to assess statistical significance at time points when association of Tem1 with SPBs was
maximal in wild-type cells. Representative sample images of a cell in metaphase or anaphase with the indicated
fluorescently tagged protein in white. Yellow arrowheads indicate location of the SPBs determined from Tub1
localization. Scale bars are 3 um. (A, D) Cells containing mCherry-TUB1 and TEM1-GFP (A, Ay22556) or TEM1-yEGFP
(D, Ay21613) were imaged at 25°C. Cells were chosen for analysis in which a SPB entering the bud coincided with
anaphase onset. (B, C) Wild-type (Ay22556), cdc15-2 (Ay40721), or dbf2-2 (Ay40876) cells containing TEM1-GFP and
mCherry-TUB1 were shifted from room-temperature to 32°C and imaged. Cells were chosen for analysis where a SPB
entering the bud coincided with anaphase onset. (E) The dyn1A cells containing TEM1-GFP and mCherry-TUB1
(Ay22666) were imaged at 25°C. Cells where a SPB entering the bud coincided with anaphase onset (correctly
positioned) were compared with cells where a SPB did not enter the bud until at least 30 min after the onset of

anaphase (mispositioned).

acquisition. To minimize light-induced toxicity, prevent metaphase
arrest, and prolong image acquisition, we imaged cells with lower
intensity. However, importantly, both the study by Molk et al. (2004)
and the study by us found that the Tem1-GFP signal at SPBs in-
creases during anaphase.

Tem1 binding to SPBs is partially dependent on BUB2 and BFAT
(Pereira et al., 2000; Valerio-Santiago and Monje-Casas, 2011; Cay-
dasi et al., 2012). The GAP complex, however, does not localize to
the mSPB during anaphase (Pereira et al., 2000). How then does
Tem1 bind to the mSPB in late anaphase? We hypothesized that

908 | I.W.Campbell etal.

Tem1’s effector kinases, Cdc15 and Dbf2-Mob1, which localize to
both SPBs during anaphase, recruit Tem1 to the mSPB. Consistent
with previous studies (Bardin et al., 2000), enrichment of Tem1 at
dSPBs occurred independently of the downstream kinases (Figure 2,
B and C). Contrarily, Tem1 accumulation at mSPBs in late anaphase
required both CDC15 and DBF2 (Figure 2, B and C). Note that in
these experiments, the difference between Tem1 association with
the dSPB and mSPB was less obvious in wild-type cells than in the
experiment shown in Figure 2A. This is because here we conducted
the experiment at 32°C rather than 25°C. At this higher temperature,
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background fluorescence is increased, making subtle differences in
timing of recruitment of Tem1 to the dSPB and mSPB less obvious.

Our analysis of Tem1-GFP localization in MEN kinase mutants
leads to two important conclusions. First, Tem1 binding to the mSPB
and dSPB is differentially regulated. Tem1 binding to the dSPB is
partially dependent on the Bub2-Bfal GAP complex. Binding to the
mSPB, but not dSPB, requires the activity of the downstream MEN
kinases. Second, Tem1 accumulates at the dSPB during early ana-
phase and only much later at the mSPB. Provided that Tem1 accu-
mulation at SPBs is an indicator of Tem1 activity, it follows that MEN
signaling initiates at the dSPB. Its accumulation at the mSPB is a
consequence of MEN activation. Next, we determined whether this
assumption is correct.

Active Tem1 binds SPBs

MEN activation during early anaphase coincides with Tem1 accumu-
lation at dSPBs. To test whether this correlation reflects Tem1 activ-
ity, we examined the localization of a hypermorphic TEM1 allele, the
TEM1-eGFP fusion. TEM1-eGFP produces approximately twofold
more protein than wild-type TEM1 and has phenotypes consistent
with hyperactive Tem1 (Chan and Amon, 2009; Supplemental Figure
S1). In contrast to Tem1-GFP, which becomes enriched at the SPBs
as cells enter anaphase (Figure 2A), Tem1-eGFP associated with the
SPBs prematurely, accumulating at the SPB closest to the bud neck
already in metaphase and not becoming further enriched as the SPB
moved into the bud (Figure 2D). Thus, in the TEM1-eGFP fusion,
increased activity correlates with premature enrichment at SPBs.
Two previously published observations further support a causal link
between Tem1 binding to SPBs and its activity: 1) Tem1 localization
to SPBs is necessary and sufficient to activate the MEN: inhibiting
binding of Tem1 to SPBs prevents mitotic exit (Gruneberg et al.,
2000; Valerio-Santiago and Monje-Casas, 2011), while artificially
tethering Tem1 to SPBs causes hyperactivation of the MEN (Valerio-
Santiago and Monje-Casas, 2011). 2) Constitutively activating Tem1
by preventing GTP hydrolysis causes premature and increased Tem1
binding to SPBs (Scarfone et al., 2015). We conclude that Tem1
binds to SPBs when active. We further note that the Tem1-eGFP fu-
sion is not an appropriate tool to assess Tem1 localization or
activity.

Tem1 SPB binding responds to movement of the dSPB into
the bud

Accumulation of Tem1 at the dSPB could be caused by anaphase
onset or translocation of a SPB into the bud. To distinguish between
these possibilities, we imaged Tem1-GFP in cells that failed to trans-
locate a SPB into the daughter cell during anaphase, that is, in cells
with mispositioned anaphase spindles. In such cells the MEN is inac-
tive and cells arrest in anaphase (Yeh et al., 1995). To increase the
rate of spindle mispositioning, we inactivated a component of the
spindle position machinery; we deleted the gene encoding cyto-
plasmic dynein (DYN1). While Tem1-GFP accumulated at the dSPB
in dyn1A cells with correctly positioned anaphase spindles, it failed
to do so in cells with mispositioned anaphase spindles (Figure 2E;
D'Aquino et al., 2005). We conclude that a SPB translocating into
the bud causes Tem1 to accumulate at the dSPB. This accumulation
coincides with MEN activation.

The MEN kinases localize to both SPBs in response to Tem1
activity at the dSPB

The only essential function of Tem1 is to recruit the MEN kinase
Cdc15 to SPBs (Rock and Amon, 2011). Based on this observation,
one would predict that Cdc15 binding to SPBs mirrors Tem1 local-
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ization. Curiously, this does not appear to be the case. We imaged
Cdc15-eGFP by time-lapse microscopy and found that Cdc15-eGFP
accumulated at both SPBs early in anaphase. The protein kinase first
became enriched at the dSPB and shortly thereafter the mSPB
(Figure 3A).

Cdc15 recruits Dbf2-Mob1 to SPBs by creating a docking site for
the kinase complex on Nud1 (Rock et al., 2013). As previously re-
ported (Visintin and Amon, 2001; Yoshida and Toh-e, 2001), Dbf2-
eGFP and Mob1-eGFP accumulated at both SPBs during anaphase.
Our quantitative analysis further revealed that Dbf2-Mob1 became
enriched at the mSPB slightly earlier than to the dSPB (Figure 3, B
and C). In contrast to the dynamic localization of the MEN kinases,
the MEN scaffold Nud1 localized to SPBs throughout the cell cycle
(Figure 3D; Adams and Kilmartin, 1999; Elliott et al., 1999; Lenge-
feld et al., 2017).

We further confirmed previously established dependencies for
MEN component localization to SPBs (Visintin and Amon, 2001).
Cdc15’s localization to both SPBs was dependent on TEM1, but not
on DBF2 or MOB1. Dbf2-Mob1’s localization to both SPBs required
TEM1 and CDC15 (Figure 4, A-D). These data together with previ-
ous findings support the model that active Tem1 accumulates at the
dSPB. This in turn leads to the recruitment of Cdc15 to both SPBs,
which is followed by recruitment of Dbf2-Mob1 to both SPBs (Figure
1A). Importantly, accumulation of the MEN kinases, like accumula-
tion of Tem1 at SPBs, correlates with MEN activity. Cdc15-eGFP and
Dbf2-eGFP did not become enriched at SPBs in cells known to har-
bor an inactive MEN, in cells with mispositioned anaphase spindles
(Figure 4, E and F). We conclude that accumulation of MEN compo-
nents at SPBs reflects their active state and that accumulation of
Tem1 at dSPBs induces the downstream kinases to bind to both
spindle poles.

Mitotic exit does not require a SPB in the mother cell

Our results show that the MEN signaling module is assembled in
reverse at mSPBs, with Cdc15 and Dbf2-Mob1 recruiting Tem1. A
key question arising from these findings is whether accumulation of
the MEN kinases at mSPBs is required for MEN signaling. To ad-
dress this question, we took advantage of a mutation that causes
both SPBs to migrate into the bud during anaphase. We overex-
pressed a noncleavable version of cohesin (Scc1-RRDD; Uhlmann
etal., 1999).

Cohesins hold the duplicated sister chromatids together until the
protein is cleaved at the onset of anaphase. Cohesin cleavage facili-
tates anaphase chromosome movement. Preventing anaphase spin-
dle elongation by expressing SCC1-RRDD leads to both SPBs mov-
ing into the bud during the time wild-type cells undergo anaphase
(Supplemental Figure S2, A and B). We measured when the SPBs
move into the bud with respect to the metaphase-anaphase transi-
tion as defined by the degradation of the anaphase inhibitor Pds1-
eGFP (Cohen-Fix et al., 1996). We found that a SPB first entered the
bud within 10 min of anaphase onset in the majority of wild-type
cells and cells overexpressing Scc1-RRDD (Figure 5, A and B). Simi-
lar results were obtained when we measured the time from the on-
set of expression of the mitotic-cyclin Clb2, which initiates during
late S phase, until a SPB entered the daughter cell (Supplemental
Figure S2, A and B). While preventing spindle elongation did not
interfere with the ability of SPBs to move into the daughter cell, it
did affect how far SPBs moved into the bud. Spindle elongation
normally moves one SPB to the tip of the daughter cell. In Scc1-
RRDD-expressing cells that failed to elongate their spindle, SPBs
moved only halfway into the bud (Figure 5A; Supplemental Figure
S2A). Furthermore, preventing spindle elongation resulted in the
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FIGURE 3: The MEN kinases accumulate at both SPBs at the onset of anaphase. (A-D) Localiza-
tion of MEN proteins at SPBs in an unperturbed cell cycle. Cells were imaged every 5 min for
3-6 h to determine the intensity (max(SPB)-mean(slide)) of the indicated fluorescently tagged
proteins at either the mSPB or the dSPB. Curves show mean and SD for 20 cells per condition.
Data were centered at the first frame of anaphase (spindle length > 3 pm). Representative
sample images with the indicated fluorescently tagged protein in white. Yellow arrowheads
indicate location of the SPBs determined from Tub1 or Spc42 localization. Scale bars are 3 pm.
Cells were imaged at 25°C. Cells were chosen for analysis where a SPB entering the bud
coincided with anaphase onset. (A) CDC15-eGFF, mCherry-TUB1 (Ay26481). (B) MOB1-eGFF,
SPC42-mCherry, CDC14-tdTomato (Ay39323). (C) DBF2-eGFF, SPC42-mCherry, CDC14-

tdTomato (Ay39273). (D) NUD1-yEGFR SPC42-mCherry (Ay40869).

spindle moving back and forth between the mother cell and the bud
in 71% of cells (Figure 5A; Supplemental Figure S2A).

We next measured the kinetics of mitotic exit in cells overex-
pressing Scc1-RRDD by monitoring Cdc3 localization. Cdc3 is a
component of the septin ring that localizes to the bud neck from the
time of bud formation until CDK inactivation at the end of mitosis
(Kim et al., 1991). We found that all cells overexpressing Scc1-RRDD
that moved both SPBs into the daughter cell exited from mitosis
(Figure 5C), demonstrating that MEN signaling from bud localized
SPBs is sufficient for cells to exit from mitosis. We noted that Scc1-
RRDD cells exhibited a subtle, yet significant (p = 0.002; Student's t
test) delay in exit from mitosis of 10 min (Figure 5D). We observed a
similar 10-min mitotic exit delay when we used Clb2 degradation as
a measure of CDK inactivation at the end of mitosis (Supplemental
Figure S2, A and C). We hypothesized that the spindle shuttling
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clear and cytoplasmic microtubules (Byers,
1981b). As such, assembly of MEN compo-
nents on this SPB is not expected to be af-
fected. Cells harboring only one SPB, how-
ever, fail to form a mitotic spindle and
hence activate the spindle assembly
checkpoint (SAC), which arrests cells in
metaphase (Weiss and Winey, 1996). To
prevent the SAC from interfering with mi-
totic progression, we deleted the SAC
gene MAD1. We then determined whether
cells with a monopolar spindle progress
into anaphase by monitoring the time from
Pds1-eGFP degradation (anaphase entry)
until a SPB moves into the bud. In wild-
type and mad1A strains, SPB duplication
was followed by a SPB traversing the bud neck 5 min prior to Pds1
degradation (median; Figure 6, A and B). In contrast, cdc37-2 mu-
tants arrested in metaphase and eventually moved their single
SPB into the daughter cell without degrading Pds1 (Figure 6, A
and B). The cdc31-2, mad1A double mutants were able to enter
anaphase as judged by Pds1 degradation. Movement of the sin-
gle SPB across the bud neck coincided with anaphase entry (me-
dian; Figure 6, A and B). Only 9% of cdc31-2, mad1A double mu-
tants left their single SPB in the mother cell for more than 10 min
after Pds1 degradation. It is, however, worth noting that the single
SPB of cdc31-2, mad1A mutants did not move into the bud as
deeply as did wild-type SPBs and occasionally traversed the bud
neck multiple times.

Having established that preventing SPB duplication does not
prevent entry of the singular SPB into the bud, we next determined
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FIGURE 4: Localization dependencies of the MEN kinases. (A-F) Localization of MEN proteins at SPBs in various MEN
mutants. Cells were imaged every 5 min for 3-6 h to determine the localization (max(SPB)-mean(slide)) of the indicated
fluorescently tagged proteins at either the mSPB or the dSPB. In metaphase, the SPB closer to the bud neck was
designated as the dSPB. Curves show mean and SD for 20 cells per condition. Data were centered at the first frame of
anaphase (spindle length > 3 um). Student’s t test was used to assess statistical significance at time points when
association of MEN proteins with SPBs was maximal in wild-type cells. Representative sample images with the indicated
fluorescently tagged protein are shown in white. Yellow arrowheads indicate location of the SPBs determined from Tub1
or Spc42 localization. Scale bars are 3 ym. (A-D) Cells were imaged after shifting from room-temperature to 34°C. Cells
were chosen for analysis where a SPB entering the bud coincided with anaphase onset. (A, B) Wild-type (Ay26481),
tem1-3 (Ay30518), or dbf2-2 (Ay40922) cells containing CDC15-eGFP and mCherry-TUB1. (C) Wild-type (Ay33715) or
tem1-3 (Ay40390) cells containing MOB1-eGFP and SPC42-mCherry. (D) Wild-type (Ay39323) or cdc15-2 (Ay39353) cells
containing MOB1-eGFF, SPC42-mCherry, and CDC14-tdTomato. (E, F) Cells where a SPB entering the bud coincided with
anaphase onset (correctly positioned) were compared with cells where a SPB did not enter the bud until at least 30 min
after the onset of anaphase (mispositioned). (E) The dyn1A cells containing mCherry-TUB1 and CDC15-eGFP (Ay33942)
were imaged at 25°C. (F) The dyn1A cells containing mCherry-TUB1 and DBF2-eGFP (Ay36721) were imaged at 32°C.

whether cells were able to exit from mitosis with only a single SPB
providing a scaffold for MEN signaling. Eighty-two percent of
cdc31-2, mad1A double mutants were able to exit mitosis within 2 h
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of the SPB first entering the bud as judged by Cdc3 dissociation
from the bud neck (Figure 6, C and D). While a single SPB was suf-
ficient to trigger mitotic exit, the cell cycle transition was delayed in
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cdc31-2, mad1A mutants. Wild-type cells
exited mitosis 15 min after a SPB entered
the bud compared with 65 min in cdc31-2,
madT1A mutants with a single SPB (median,
Figure 6D).

The cdc31-2 cells spontaneously dip-
loidized (Schild et al., 1981). Although
ploidy is not known to affect anaphase dura-
tion and the kinetics of exit from mitosis, we
wished to examine another mutant defec-
tive in SPB duplication that does not un-
dergo spontaneous diploidization, sfi1-3
(Kilmartin, 2003). Like cdc31-2 mad1A mu-
tants, sfi1-3 madT1A mutants were also de-
layed in exit from mitosis (Supplemental
Figure S3). We conclude that a single SPB in
the daughter cell provides sufficient MEN
signal to trigger mitotic exit. The fact that
this exit occurs with a significant delay sug-
gests that a single SPB is less efficient in pro-
moting this cell cycle transition than two.
We propose that MEN kinases assembling
at mSPBs serves to amplify MEN signaling.

Metaphase cells containing Pds1-eGFP are
marked as “#.” (B) Time from the completion
of Pds1-eGFP degradation (anaphase entry)
until the first frame a SPB translocates the
bud neck (n > 50 cells per condition, median
displayed as a solid line, no significant
difference according to Student’s t test).

(C, D) Time from the spindle entering the
bud until mitotic exit (mCherry-Cdc3 loss
from the bud neck). Wild-type (Ay39477) or
GAL-Scc1(RRDD) (Ay40483) cells containing
mCherry-CDC3 and GFP-TUB1 were shifted
to galactose containing medium at 25°C

and imaged every 5 min for 6 h.
GAL-SCC1(RRDD) cells were excluded if the
SPBs separated (>3 um). (C) Representative

5 min time-lapse images of spindle
movement into the daughter cell followed by
mitotic exit (mCherry-Cdc3 loss from the bud
neck). Spindle (GFP-Tub1) in green, Septin
ring (mCherry-Cdc3) in white, and yellow
arrowheads indicate location of the SPBs
determined from Tub1 localization; scale bar
is 3 um. Time points where the cell had not
exited mitosis as judged by loss of Cdc3 from
the bud neck are marked with “#.” (D) Time
from the first frame when part of the spindle
translocates the bud neck until loss of Cdc3
ring from the bud neck. The category “all”
includes all cells where spindle elongation
does not occur and a SPB moves into the bud
at some point during imaging. The category
“single transit” only encompasses cells in
which the spindle transited the bud neck
once and remained in the bud (WT n=52
cells, all n=51 cells, single transit n= 15 cells,
median displayed as solid line, no significant
difference according to Student'’s t test
between control and “single transit” cells.).
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cdc31-2 and cdc31-2 mad1A cells with 2 SPBs were excluded from analysis. (A) Representative 5 min time-lapse images
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(B) Time from the completion of Pds1-eGFP degradation (anaphase entry) until the first frame a SPB translocates the
bud neck (n > 50 cells, median displayed as solid line, asterisks show significant difference according to Student's t test).
(C, D) Time from a SPB entering the bud until mitotic exit (nCherry-Cdc3 loss from bud neck). Wild-type (Ay40538),
cdc31-2 (Ay40536), or cdc31-2 mad1A (Ay40534) cells containing mCherry-CDC3 and SPC42-GFP were shifted to 34°C
and imaged every 5 min for 8 h. The cdc31-2 and cdc31-2 mad1A cells with 2 SPBs were excluded. (C) Representative
5 min time-lapse images of SPB movement into the daughter cell followed by mitotic exit (mCherry-Cdc3 loss from bud
neck), except cdc31-2, which arrests in metaphase and therefore fails to exit mitosis. SPBs (Spc42-GFP) in green, Septin
ring (mCherry-Cdc3) in white, and yellow arrowheads indicate location of the SPBs determined from Spc42 localization,
scale bar is 3 um. Cells that have not exited mitosis and degraded Cdc3 are marked as “#.” (D) Time from the first frame
that a SPB translocates the bud neck until degradation of Cdc3 (n > 50 cells, median displayed as a solid line; asterisks
show significant difference according to Student's t test).

DISCUSSION

SPBs - MEN signaling hubs

A large body of evidence indicates that MEN components must as-
semble onto SPBs to promote Cdc14 release from the nucleolus and
thereby promote exit from mitosis. First, a near perfect correlation
exists between accumulation of MEN components at SPBs and their
activity (Bardin et al., 2000; Pereira et al., 2000; Visintin and Amon,
2001; Yoshida and Toh-e, 2001; Kénig et al., 2010; Rock and Amon,
2011; Rock et al., 2013; Campbell et al., 2019; this study). A notable
exception to this correlation is the lack of Cdc15 enrichment at SPBs
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in cdc14-3 mutant cells (.W.C., unpublished observations), which
may indicate that Cdc15 can act at SPBs without accumulating. Sec-
ond, binding of MEN components to SPBs is necessary for MEN ac-
tivation. Interfering with localization of Tem1 to SPBs by targeting the
protein to the plasma membrane prevents MEN signaling (Valerio-
Santiago and Monje-Casas, 2011). Finally, constitutively targeting the
MEN components Tem1 or Cdc15 to SPBs is sufficient to activate the
pathway (Rock and Amon, 2011; Valerio-Santiago and Monje-Casas,
2011; Scarfone et al., 2015). Together, these data indicate that when
a MEN component accumulates at SPBs, the pathway is active.
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Given the importance of assembly at SPBs for MEN signaling, it
is critical to understand how their binding to the organelle is regu-
lated. We found that the manner by which MEN components associ-
ated with SPBs differs between the mother and daughter cell com-
partment. At the dSPB, Tem1 binding is in part mediated by
Bub2-Bfal. Tem1 in turn recruits Cdc15 which then, by phosphory-
lating the MEN scaffold Nud1, creates a binding interface for Dbf2-
Mob1 at SPBs. Assembly of MEN signaling modules at the mSPB is
different. Tem1 binding requires Cdc15 and Dbf2-Mob1. Given that
binding of Cdc15 and Dbf2-Mob1 to the mSPB depends on Tem1,
this observation indicates that assembly of the MEN at mSPBs only
happens after Tem1 activates the MEN at dSPBs. These findings
further indicate that once activated, Cdc15 can bind to SPBs inde-
pendently of upstream components of the pathway. Whether or not
Tem1 serves a MEN-activating function at the mSPB once recruited
to this spindle pole remains to be determined. Accumulation of the
GTPase at the mSPB occurs very late in anaphase—10 min after the
dSPB first enters the bud, suggesting that Tem1 signaling from the
mSPB is not relevant for exit from mitosis.

Which SPB does the MEN signal from?

A key question regarding MEN regulation is which SPB signals. As
described in the Introduction, the zone model posits that MEN ac-
tivity at the dSPB promotes exit from mitosis, whereas the sink
model predicts that the mSPB does (Figure 1, A and B). If, as a
large body of evidence suggests, the MEN can only signal from
SPBs, the localization pattern of MEN components suggests the
following sequence of events: the MEN signal is initiated at the
dSPB and then transmitted through the mSPB and dSPB. Tem1 ac-
cumulates at the dSPB first and only much later at the mSPB. Cdc15
arrives at the dSPB slightly earlier than on the mSPB. Curiously,
Dbf2-Mob1 exhibits the reverse localization pattern. The ultimate
MEN component accumulates at the mSPB slightly earlier than at
the dSPB. This switch in order of SPB association may be due to
differential CDK or Cdc14 activity at the dSPB and mSPB. CDKs
phosphorylate Cdc15 and Dbf2-Mob1, thereby inhibiting their ac-
tivity from S phase until anaphase onset (Jaspersen and Morgan,
2000; Kénig et al., 2010; Campbell et al., 2019). Mitotic CDK activ-
ity might be lower at mSPBs, allowing Dbf2-Mob1 to accumulate at
the mSPB first.

Based on these localization patterns of MEN components, we
propose that only the MEN GTPase Tem1 is regulated by the posi-
tion of the SPBs (Figure 7). The mother cell-localized MEN-inhibitor
Kin4 prevents Tem1 from becoming active at mSPBs, while the
daughter cell-localized MEN-activator Lte promotes Tem1’s activa-
tion at dSPBs (D'Aquino et al., 2005; Pereira and Schiebel, 2005;
Fraschini et al., 2006; Maekawa et al., 2007; Chan and Amon, 2010;
Bertazzi et al., 2011; Falk et al., 2011, 2016a). Therefore, in early
anaphase, Tem1 only accumulates at SPBs that move into the
daughter cell (Figure 7, Step 1). The GTPase, together with the Polo
kinase Cdc5, then recruits and activates Cdc15 at dSPBs (Figure 7,
Step 2). Active Cdc15 binds both SPBs creating a binding site for
Dbf2-Mob1 by phosphorylating Nud1 (Figure 7, Step 3). Dbf2-
Mob1 binds to the mSPB first, possibly due to lower CDK activity at
this SPB (Figure 7, Step 4). Dbf2-Mob1 activated at mSPBs then initi-
ates the translocation of Cdc14 into the cytoplasm, where it antago-
nizes mitotic CDKs at the dSPB to allow Dbf2-Mob1 to bind the
dSPB, further amplifying the MEN signal (Figure 7, Step 5). Signal-
ing from both SPBs allows for the efficient activation of Cdc14 and
the prompt exit from mitosis.

In summary, our localization studies lead to the surprising conclu-
sion that the MEN is not active at one SPB or the other, but rather
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FIGURE 7: MEN signaling is amplified by localization of the kinase
cascade to both SPBs. (Step 1) The mother cell-localized MEN-
inhibitor Kin4 prevents Tem1 activation on mSPBs. Anaphase spindle
elongation along the mother—daughter axis brings a SPB into contact
with the daughter cell-localized MEN-activator Lte1, promoting Tem1
activation and association with the dSPB. (Step 2) Tem1 and Cdc5
recruit Cdc15 to the dSPB. (Step 3) Active Cdc15 binds to both SPBs,
creating a binding site for Dbf2-Mob1 by phosphorylating Nud1.
(Step 4) Dbf2-Mob1 binds first to the mSPB, becoming active. (Step 5)
Dbf2-Mob1 initiates translocation of Cdc14 into the cytoplasm where
it promotes Dbf2-Mob1 association with both SPBs by antagonizing
CDK activity. Amplification of Dbf2-Mob1 activity originating from
both SPBs increases Cdc14 activity, thereby triggering exit from
mitosis.

that different components of the pathway are active at different
poles at different times. Tem1 is active at the dSPB early in ana-
phase, Cdc15 is first active at the dSPB and then the mSPB, whereas
Dbf2-Mob1 is active first at the mSPB and then at the dSPB. Having
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Dbf2-Mob1 active at both SPBs is important. The presence of two
SPBs, regardless of whether they are both in the daughter cell or
split between mother and daughter cells, is required to create a
rapid and controlled mitotic exit signal.

How do the dSPB and mSPB communicate?

An important question raised by our work is how Tem1 at the dSPB
causes binding of Cdc15 to the mSPB. It is possible that a small,
unobserved population of Tem1 at the mSPB recruits Cdc15. We do
not favor this hypothesis because it is inconsistent with the finding
that Tem1’s anchor, Bub2-Bfa1, is actively removed from mSPBs by
Kin4 (D'Aquino et al., 2005; Pereira and Schiebel, 2005; Fraschini
et al., 2006; Maekawa et al., 2007; Caydasi and Pereira, 2009; Scar-
fone et al., 2015). It is also possible that a pool of cytoplasmic Tem1
activates Cdc15, allowing Cdc15 to associate with mSPBs (Caydasi
et al., 2012). Indeed, during meiosis, the MEN does not require a
SPB scaffold for signaling (Attner and Amon, 2012). However, we do
not favor this hypothesis either, because a large body of evidence
indicates that during mitosis Tem?1 is only active at the SPBs: 1) in-
hibiting Tem1 from binding to SPBs prevents mitotic exit (Grune-
berg et al., 2000; Valerio-Santiago and Monje-Casas, 2011), 2) teth-
ering Tem1 to SPBs causes hyperactivation of the MEN
(Valerio-Santiago and Monje-Casas, 2011), and 3) constitutively ac-
tive Tem1- Q79L accumulates prematurely at SPBs (Scarfone et al.,
2015).

We favor the idea that activation of Cdc15 at the dSPB by
Tem1 causes Cdc15 to gain the ability to bind SPBs independently
of Tem1 and hence is able to bind the mSPB. Cdc15 is homolo-
gous to PAK kinases. These kinases harbor regulatory domains
that inhibit kinase activity in trans (Kumar et al., 2017). Binding of
Tem1 to Cdc15 and, we speculate, phosphorylation by Cdc5, al-
leviates this Cdc15 autoinhibition and exposes a SPB-binding in-
terface in the protein kinase. Understanding the molecular mech-
anisms whereby Tem1 and Cdc5 facilitate expansion of MEN
signaling to two SPBs will be critical not only to understanding
how the MEN promotes rapid exit from mitosis but also to ex-
panding our knowledge as to how GTPases can control effector
kinases.

MATERIALS AND METHODS

Yeast strains and growth conditions

All S. cerevisiae strains in this study are derivatives of W303 (A2587).
Strain genotypes are listed in Supplemental Table S1. Growth condi-
tions are described in the figure legends.

Time-lapse microscopy

Growth conditions for time-lapse imaging are described in the
figure legends. Cells were imaged on agarose pads (2% agarose,
synthetic complete medium containing 2% glucose, unless other-
wise noted) affixed to a glass slide. In our analyses, we found that
limit of detection for the proteins examined in this study was af-
fected by growth temperature. Growth at higher temperatures
(32°C and higher) resulted in a lower signal-to-background ratio.
Therefore, we only compared cells grown at the same temperature.
Comparison should not be made between graphs, especially when
cells were grown at different temperatures.

The microscope platform was a DeltaVision Elite (GE Healthcare
Bio-Sciences, Pittsburgh, PA) consisting of an InsightSSI solid state
light source, an UltimateFocus hardware autofocus system, and a
model 1X-71, Olympus microscope controlled by SoftWoRx soft-
ware. A 60x Plan APO 1.42NA objective and CoolSNAP HQ2 cam-
era were used for image acquisition.
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Image processing was performed using the Volocity (PerkinElmer)
software package. Analysis was performed on maximum projec-
tions. The number of cells, length of analysis, and cell selection cri-
teria are described in the figure legends. Protein intensity was quan-
tified by manually segmenting the SPBs, as identified by Spc42 or
Tub1 localization, and measuring maximum intensity within the seg-
mented region (max[SPB]). Slide background was subtracted from
the maximum intensity at the SPB (max[SPB]-mean]slide]). Data
were centered at the first frame of anaphase (spindle length >3 pm)
as defined by Spc42 or Tub1 localization. Pds1-eGFP degradation
was defined as the time frame when Pds1-eGFP intensity was re-
duced below three-fourths of the maximum. A SPB entering the bud
was defined as the first time frame a SPB, as identified by Spc42 or
Tub1 localization, translocated the bud neck and was observed in
the daughter cell. Cdc3 loss from the bud neck was defined by the
first time frame a complete ring was no longer observed at the bud
neck. Clb2 expression and degradation were manually defined by
the presence and absence (respectively) of nuclear Clb2-eGFP. Ana-
phase durations in Supplemental Figure S1 was measured by moni-
toring the distance between two SPBs marked by Spc42. Custom
MATLAB scripts (MATLAB_R2018b) were used to automatically seg-
ment and track cells and SPBs. Anaphase duration was defined as
the time between anaphase onset (spindle length/distance between
two SPBs >3 pm) and spindle disassembly/relaxation (the time frame
after maximum spindle length).
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