Compartmentalized nodes control mitotic entry

signaling in fission yeast
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ABSTRACT Cell cycle progression is coupled to cell growth, but the mechanisms that gener-
ate growth-dependent cell cycle progression remain unclear. Fission yeast cells enter into mi-
tosis at a defined size due to the conserved cell cycle kinases Cdr1 and Cdr2, which localize to
a set of cortical nodes in the cell middle. Cdr2 is regulated by the cell polarity kinase Pom1,
suggesting that interactions between cell polarity proteins and the Cdr1-Cdr2 module might
underlie the coordination of cell growth and division. To identify the molecular connections
between Cdr1/2 and cell polarity, we performed a comprehensive pairwise yeast two-hybrid
screen. From the resulting interaction network, we found that the protein Skb1 interacted
with both Cdr1 and the Cdr1 inhibitory target Wee1. Skb1 inhibited mitotic entry through
negative regulation of Cdr1 and localized to both the cytoplasm and a novel set of cortical
nodes. Skb1 nodes were distinct structures from Cdr1/2 nodes, and artificial targeting of Skb1
to Cdr1/2 nodes delayed entry into mitosis. We propose that the formation of distinct node
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structures in the cell cortex controls signaling pathways to link cell growth and division.

INTRODUCTION

A wide variety of cell types delay cell cycle transitions until they
reach a critical size threshold, but the mechanisms that relay size-
and growth-dependent signals to the cell cycle machinery remain
largely unclear. In yeast through mammals, SAD-family protein ki-
nases promote the G2/M cell cycle transition by down-regulating
the mitotic inhibitor Wee1 (Coleman et al., 1993; Parker et al.,
1993; Wu and Russell, 1993; Ma et al., 1996; Barral et al., 1999; Lu
et al., 2004). The fission yeast SAD kinases Cdr1 and Cdr2 function
in a linear pathway and localize in a band of cortical node-like
structures in the cell middle (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009). These nodes also contain Weel (Moseley
et al., 2009), the inhibitory target of Cdr1 and Cdr2. The formation
of cortical nodes may serve to concentrate components of a sig-
naling pathway, such as Cdr1, Cdr2, and Weel, although these
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structures may impart additional levels of spatial regulation to the
pathway.

Upstream regulators of Cdr1 and Cdr2 may serve as “input”
signals to the mitotic size control system, and several such factors
have been identified. A key example is the cell polarity protein
kinase Pom1, which regulates Cdr2 in a cell size-dependent man-
ner (Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009).
Factors such as Nifl and Fin1 have also been implicated in up-
stream control of Cdr1-Cdr2 signaling (Wu and Russell, 1997;
Grallert et al., 2012). The Pom1-Cdr2 connection raises the pos-
sibility that coordination of cell growth and division involves com-
munication between the cell polarity and cell cycle systems. A
complete understanding of the mitotic size control system will
require systematic identification of such upstream regulators, elu-
cidation of their underlying biochemical mechanisms, and de-
scription of how their spatial positioning controls signaling be-
havior in cells.

Many components of the Cdr2-Cdr1-Wee1 signaling pathway
are conserved in the budding yeast Saccharomyces cerevisiae, in
which the SAD-family kinase Hsl1 negatively regulates the Wee1-
like protein Swe1 (Ma et al., 1996; Barral et al., 1999). This signaling
pathway leads to Swel degradation and requires the enigmatic
PRMT5-family methyltransferase Hsl7 (Ma et al., 1996; McMillan
etal., 1999, 2002), which is believed to act as a signaling scaffold to
promote mitosis. Hsl1, Hsl7, and Swe1 all colocalize at the bud neck
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FIGURE 1: Pairwise yeast-two hybrid interaction screen. (A) Workflow of directed yeast two-hybrid screen. (B) Protein
interactome found in the two-hybrid screen. Solid lines indicate protein-protein interactions; dashed lines denote
previously reported interactions (Kanai et al., 2005; Hachet et al., 2011) not found in our large-scale screen.

(Shulewitz et al., 1999; Cid et al., 2001; Theesfeld et al., 2003), where
signaling likely occurs. In vertebrate cells, Hsl7 also functions to pro-
mote mitosis by down-regulating Wee1 (Yamada et al., 2004). This
conserved function to promote mitotic entry is contrasted by the
fission yeast Hsl7-like protein Skb1. In fission yeast cells, Skb1 inhib-
its mitotic entry through Wee1 (Gilbreth et al., 1998), but the details
of this Skb1 signaling pathway and its spatial control are not known.
The different activities of Hsl7 versus Skb1 may reflect plasticity in
how a conserved signaling module has evolved to control the cell
cycle in distinct cell types.

In this study, we performed a protein—protein interaction screen
to identify physical links between cell polarity and the Cdr2-Cdr1-
Wee1 system. We found that Skb1 physically interacts with Cdr1
and Wee1, and genetic epistasis places Skb1 as an upstream inhibi-
tor of Cdr1 signaling in cells. Skb1 localizes to a novel set of cortical
nodes that are distinct from Cdr2-Cdr1-Wee1 nodes, and these
separate structures impart spatial control of the signaling pathway.
These results reveal an unexpected spatial organization of the
mitotic size control system and indicate the importance of stable
signaling domains at the cell cortex.

RESULTS

We assembled a list of 37 cell polarity proteins with connections
to cell growth and shape. These proteins—along with Cdr1, Cdr2,
and Weel—were tested for all possible binary interactions using a
directed yeast two-hybrid assay (Figure 1A). We tested 1271 poten-
tial interactions in the screen and identified 67 potential hits. These
initial hits were retested and then analyzed under conditions that
test stringency of interaction (Supplemental Figure S1B). This
approach defined 38 protein—protein interactions, including
17 novel hits (Figure 1B and Supplemental Table S1). Some novel
interactions were not observed under stringent conditions and thus
require additional interaction tests for verification. We focused on
strong bidirectional interactions to identify novel input signals to the
Cdr2-Cdr1-Wee1 module.

Two interacting proteins—the PRMT5-family arginine methyl-
transferase Skb1 and the NDR-family kinase Orb6—are positioned
in the middle of our interactome (Figure 1B). Skb1 and Orbé physi-
cally interact with each other (Wiley et al., 2003), and each protein
was genetically linked with both cell polarity and mitotic entry
(Gilbreth et al., 1996, 1998; Verde et al., 1998). In particular, Skb1
displayed strong and novel interactions with Cdr1 and Weef
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(Figure 2A) and was shown to inhibit mitotic entry (Gilbreth et al.,
1998). Therefore we decided to investigate the genetic pathway
and cellular role of Skb1 in fission yeast mitotic entry.

In our screen, Skb1 interacted with multiple protein kinases. To
eliminate the possibility that Skb1 binds nonspecifically to kinase
domains, we mapped the region of Cdr1 that interacts with Skb1.
Skb1 did not interact with the kinase domain of Cdr1 but did with a
small region (residues 291-354; Figure 2B) outside of the catalytic
domain. This region is important for Cdr1 kinase activity (Wu and
Russell, 1997). We next tested Skb1 interaction with Cdr1 and Wee1
in fission yeast cell extracts. Both Cdr1 and Wee1 were coimmuno-
precipitated with Skb1 (Figure 2, C and D), consistent with their
strong interactions by yeast two-hybrid assay. These physical inter-
actions raise the possibility that Skb1 acts as an input signal to Cdr1
for mitotic size control.

Skb1 inhibits mitotic entry through Cdr1 and Wee1

We used genetic epistasis to test the role of Skb1 in regulating mi-
totic entry. Fission yeast cells reproducibly enter into mitosis and
divide at ~14 pm in length, due in part to regulation of Cdr1 and
Cdr2. We found that skb 1A cells divided at a smaller size than wild-
type cells (Figure 3A), consistent with previous work (Gilbreth et al.,
1998). To confirm that the smaller division size of skb1A mutant cells
reflected premature entry into mitosis, we measured the size of cells
with separated spindle pole bodies (SPBs; yeast equivalent of cen-
trosome). SPB separation occurred at a smaller size in skb1A versus
wild-type cells (Supplemental Figure S2), indicating that Skb1 pro-
tein is a mitotic inhibitor. The role of Skb1 in cell cycle regulation is
likely independent of its methyltransferase activity, as mutations
predicted by the animal PRMTS5 crystal structure to abolish catalytic
activity (Sun et al., 2011) do not affect cell size at division (Supple-
mental Figure S3).

The skb1A size phenotype partially suppressed a cdc25-22 mu-
tation, but skb1A did not reduce the size of cdri1A, cdr2A, or weel-
50 mutants (Figure 3A). This places Skb1 as an upstream inhibitor of
Cdr2-Cdr1-Wee1 in regulation of cell size at division. We tested this
possibility further by overexpressing both Skb1 and Cdr1 in fission
yeast cells. Overexpression of Cdr1 causes a “wee” cell phenotype
due to inhibition of Weel kinase (Russell and Nurse, 1987).
We found that overexpression of Skb1 partially suppressed this
“wee" phenotype caused by increased Cdr1 levels (Figure 3B), and
this suppression was not due to changes in Cdrl expression
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FIGURE 2: Skb1 physically interacts with Cdr1 and Wee1. (A) Skb1 interacts with Cdr1, Wee1, Orbé, and itself by
two-hybrid assay. Transformants were selected on a double dropout (DDO) plate, and interactions were tested on a
quadruple dropout + Aba (QDO/A) plate. (B) Skb1 interacts with a small region of Cdr1 outside of the kinase domain.
Transformants were selected on a DDO plate, and interactions were tested on a QDO/A plate. (C, D) Skb1 interacts
with Cdr1 and Wee1 by coimmunoprecipitation. The indicated constructs were overexpressed in fission yeast cells, and
hexahistidine (6His)-Skb1 was purified by nickel-agarose chromatography. Whole-cell extracts (input) and
immunoprecipitations (IP) were probed using anti-6His and anti-GFP or anti-Wee1 antibodies. Asterisk marks a

nonspecific band that is absent in IP samples.

(Supplemental Figure S4). By combining our genetic epistasis
experiments and physical interactions, we conclude that Skb1 is a
novel input to the Cdr2-Cdr1-Wee1 module that acts in part by
negatively regulating Cdr1. In cells, this regulation may be facili-
tated by additional Skb1 interactions with Wee1. This possibility is
supported by the observation that the elongated cell phenotype
caused by Skb1 overexpression is suppressed by weeTA but not by
cdr1A, cdr2A, pom1A, or nif1A (Supplemental Figure S5).

We next examined the relationship between Skb1 and other in-
puts to Cdr2-Cdr1 signaling. The cell polarity kinase Pom1 forms a
spatial gradient that inhibits Cdr2 in a cell size—dependent manner
(Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009). pom 1A
cells enter into mitosis and divide at a reduced size, and we found
that the pomTA and skbTA size phenotypes were not additive
(Figures 3A and 4A). This indicates that Skb1 may act upstream of
Pom1 in regulation of Cdr2-Cdr1 signaling. An alternative possibility
is that Skb1 regulates Cdr1 in a manner that depends on upstream
control of Cdr2 by Pom1. Additional work is needed to decipher
between these possibilities. In contrast, the skb1A phenotype was
additive with nif1A (Figure 4A), which has been proposed to regu-
late Cdr1 (Wu and Russell, 1997). These genetic relationships were
verified by both cell length measurements and suppression of
cdc25-22 growth (Figure 4, A and B) and suggest that Skb1 and Nif1
are separate inputs to the mitotic size control system. These sepa-
rate signals may converge on a common target, as Skb1 and Nif1
physically interact with the same region of Cdr1 (Wu and Russell,
1997). These combined genetic epistasis experiments show that
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Skb1 acts in a Pom1-dependent pathway to regulate mitotic entry
through Cdr2-Cdr1-Wee1 (Figure 4C). The genetic and physical in-
teractions that we uncovered suggest that the pathway might oper-
ate through complex combinatorial signals.

Skb1 forms novel growth-positioned cortical nodes
Protein—protein interactions and genetic epistasis often present a
picture of ordered pathways with linear connections, but signal
transduction occurs in the dynamic cellular environment in which
spatial constraints shape the behavior of signaling pathways. There-
fore we next examined how the subcellular distribution of Skb1
might affect signaling through the Cdr2-Cdr1-Wee1 pathway. We
integrated a C-terminal triple-green fluorescent protein (3GFP) tag
at the endogenous skb 1+ locus and found that Skb1-3GFP localized
to a set of nodes that were restricted to the cell cortex (Figure 5A).
An additional pool of Skb1-3GFP was present in the cytoplasm. Our
Skb1 localization results differ from those of a previous study (Bao
et al., 2001), in which Skb1 overexpressed by a plasmid was found
at cell tips and the nucleus. However, we note that integrated Skb1-
3GFP is fully functional (Supplemental Figure S3), and our results are
supported by a genome-wide localization study (Matsuyama et al.,
2006).

The distribution of Skb1-3GFP suggested a link with cellular
growth patterns. We found that Skb1 nodes were excluded from
sites of cell growth, which were marked with the cell wall dye Blanko-
phor (Figure 5, B and C). During interphase, Skb1 nodes were ex-
cluded from the single growing end of small monopolar cells and
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FIGURE 3: Skb1 controls cell size at division through negative
regulation of Cdr1. (A) Length of dividing, septated cells of the
indicated genotypes (mean + SD; n > 50 for each value). The p values
for two-tailed Student’s t tests for unpaired data with unequal variance
are indicated in brackets. Temperature-sensitive wee1-50 strains were
grown at 36°C for 6 h before analysis. (B) The indicated cdr1+
overexpression strain was transformed with control pREP3X plasmid
or Skb1 overexpression plasmid. Differential interference contrast
images were taken at 0 and 20 h after induction. Scale bar, 10 um.

then restricted from both ends of larger bipolar cells. On cell divi-
sion, when growth is redirected to the cell middle, Skb1 nodes were
absent from the division septum. Further, Skb1 nodes were restricted
only from one end of monopolar mutants such as tealA and pom1A
(Figure 5D) and did not overlap with cortical actin patches at grow-
ing ends (Figure 5E). We conclude that Skb1 nodes cover nongrow-
ing regions of the cell cortex. This pattern could result from a set
number of Skb1 nodes that move away from each other during
growth or alternatively from the formation of new Skb1 nodes as the
cell cortex expands. The number of Skb1 nodes scales with cell size
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FIGURE 4: Genetic analysis of Skb1 with Pom1 and Nif1. (A) Length
of dividing, septated cells of the indicated genotypes (mean + SD;

n > 50 for each value). Measurements were performed in the
elongated cdc25-22 strain background to increase sensitivity.

(B) Growth assay for indicated strains. Tenfold serial dilutions of cells
from the indicated genotypes grown at 25 and 34°C. Note that skb1A
and nif1A exhibit additive suppression of cdc25-22 temperature
sensitivity, consistent with cell length measurements. (C) Schematic of
genetic pathway for Skb1. Proteins in red are mitotic inhibitors and
those in green are mitotic inducers. Question mark denotes unclear
role for Pom1 in Skb1 function.

(Figure 5F), indicating that new Skb1 nodes assemble during cell
growth.

Time-lapse imaging revealed that Skb1 nodes are stable struc-
tures that do not move or rapidly disassemble (Supplemental
Movie S1). At growing cell tips, we observed weak and transient
localization of Skb1-3GFP puncta (Figure 6A and Supplemental
Movie S2). This suggests a mechanism that actively prevents the
formation of Skb1 nodes at growth zones. This possibility was sup-
ported by node dynamics during cell division. When growth was
redirected to the cell middle for septation, we observed both for-
mation of new nodes at cell ends and movement of existing nodes
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Skb1 forms cortical nodes positioned by growth. (A) Localization of Skb1-3GFP in vegetative cells. Single
focal planes from deconvolved z-series and maximum projection for a single cell are shown. (B) Localization of Skb1-
3GFP. Green indicates Skb1-3GFP, and blue indicates Blankophor staining. Image is maximum intensity from
deconvolved z-series. Scale bar, 3 pm. (C) Skb1 nodes are excluded from sites of cell growth. Images of Skb1-3GFP are
inverted maximum projections. Blankophor marks sites of cell growth. (D) Skb1 localization in monopolar pom1A and
tealA mutants. Images are inverted maximum projections from deconvolved z-series. (E) Skb1 cortical nodes do not
overlap with cortical actin patches. Lifeact-mCherry labels actin patches and cables. Images are inverted maximum
projections from deconvolved z-series. (F) The number of Skb1-3GFP cortical nodes scales with cell length (n= 194

cells), graphed as box-and-whisker plot.

away from the cell middle (Supplemental Movie S3). Many aspects
of polarized cell growth require the cytoskeleton, and so we tested
the role of cytoskeletal structures in this growth zone exclusion of
Skb1 nodes. Disruption of microtubules by the drug MBC
(carbendazim) did not affect Skb1 node distribution, but treatment
of cells with latrunculin A to disrupt F-actin structures led to a dra-
matic reorganization of Skb1 nodes (Figure 6B). In the absence of
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F-actin, Skb1 nodes became concentrated at cell ends, where they
are normally excluded. These cell-end Skb1 nodes appeared to
form de novo in time-lapse movies, similar to node dynamics dur-
ing cell division (Supplemental Movies S4 and S5). We conclude
that an actin-dependent mechanism actively inhibits the assembly
of Skb1 nodes at cellular growth zones. This restricts the formation
of stable Skb1 nodes to the nongrowing cell cortex.

Molecular Biology of the Cell
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FIGURE 6: Skb1 cortical nodes are stable structures. (A) Time-lapse imaging of Skb1-3GFP localization at cell tips and
cell sides. The yellow areas are shown below the cell as a kymograph; cell tip regions were contrast enhanced due to
low Skb1-3GFP signal intensity. Scale bar, 10 s. (B) Exclusion of Skb1 nodes from cell ends depends on an intact actin
cytoskeleton. Red arrowheads mark Skb1 cortical nodes at cell ends after latrunculin A treatment (+LatA) to disrupt
F-actin structures. MBC (carbendazim) was used to disrupt microtubules; dimethyl sulfoxide was used as control
treatment. (C) Skb1 nodes remain cortical in the absence of the cell wall. Arrow denotes cell wall ghost next to
osmotically stabilized spheroplast. (D) In regenerating spheroplasts, Skb1 nodes are excluded from de novo growth

zones. Arrows mark growth zones.

Given their stability, we considered that Skb1 nodes might associ-
ate with or require the yeast cell wall. We tested this possibility by
digesting the cell wall with enzymes to generate spheroplasts. During
this process, the spheroplast emerges from one cell end and leaves
behind a cell wall ghost. Skb1 nodes remained intact in the sphero-
plast cell cortex and not the cell wall ghost (Figure 6C), indicating that
nodes do not require a cell wall. On removal of cell wall digestion
enzymes, spheroplasts generate a new growth zone (Kelly and Nurse,
2011). We found that Skb1 nodes were specifically excluded from
these new growth zones (Figure 6D), supporting the conclusion that
cellular growth patterns actively position Skb1 nodes.

Skb1 nodes and Cdr1/2 nodes are functionally distinct
structures

What is the relationship between Skb1 nodes and the previously
described nodes containing both Cdr1 and Cdr2? We used Cdr2
as a marker for Cdr1/2 nodes due to functional defects associated
with integrated Cdr1 tags (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009). In cells expressing both Skb1-3GFP and Cdr2-
mCherry, we observed no detectable colocalization between these
two proteins (Figure 7A). This indicates that Skb1 nodes and Cdr1/2
nodes represent distinct stable structures at the cell cortex. In addi-
tion, Cdr1/2 nodes were not affected by skb1A, and Skb1 nodes
localized properly in cdr2A cells (Supplemental Figure S6, A and B),
which lack Cdr1/2 nodes (Martin and Berthelot-Grosjean, 2009;
Moseley et al., 2009). We conclude that Skb1 nodes are distinct
from Cdr1/2 nodes, meaning that Skb1 nodes are a novel cortical
structure. This raises the possibility that the formation of these dif-
ferent cortical nodes controls the Skb1-Cdr1 signaling pathway.
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We considered that separate sets of nodes might function to
sequester an inhibitor (Skb1) from its target (Cdr1). To test this, we
targeted Skb1 to Cdr1/2 nodes using GFP-binding protein (GBP), a
single-chain antibody peptide that binds to GFP with nanomolar
affinity (Rothbauer et al., 2006). We integrated an in-frame GBP-
mCherry tag at the 3’ end of the endogenous skb1+ locus, which
allows simultaneous targeting by GBP and imaging by mCherry. We
first confirmed that Skb1-GBP-mCherry localizes similarly to Skb1-
3GFP (Supplemental Figure S6C). Next we combined Skb1-GBP-
mCherry with Cdr2-monomeric enhanced GFP (mEGFP). In the re-
sulting strain, Skb1-GBP-mCherry and Cdr2-mEGFP showed clear
colocalization, such that most Cdr1/2 nodes contained Skb1 (Figure
7B). This targeting is predicted to delay mitotic entry because Skb1
is now concentrated with its inhibitory target Cdr1. Indeed, the
forced interaction of Skb1 with Cdr1/2 nodes led to an increased
cell length at division (Figure 7C). In contrast, the forced colocaliza-
tion of Skb1 and Cdr2 had no effect in cdr1A cells (Figure 7C). We
conclude that targeting Skb1 to Cdr1/2 nodes delays mitotic entry
through Cdr1. Taken together, these results indicate that Skb1 nodes
and Cdr1/2 nodes are functionally distinct structures that impart
spatial control to the Skb1-Cdr1 signaling pathway.

If Skb1 nodes and Cdr1/2 nodes are distinct structures, where
do Skb1-Cdr1 interactions occur in the cell? Both Cdr1 and Skb1
are present in the cytoplasm in addition to their respective cortical
nodes (Figure 8A), raising the possibility that Skb1 inhibits cyto-
plasmic Cdr1 to restrict Cdr1-Cdr2-Wee1 signals to the cell cortex.
To test this, we removed Skb1 from the cytoplasm by fusing a short
CAAX motif to the C-terminus of Skb1-mEGFP (Figure 8B). The
CAAX moitif is lipid modified, leading to constitutive membrane

Cortical nodes control mitoticentry | 1877
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FIGURE 7: Compartmentalization of Skb1-Cdr1 nodes controls
mitotic entry signaling. (A) Skb1 nodes and Cdr1/2 nodes do not
colocalize. Images are maximum projections of z-planes in the top half
of the cell. Region boxed in red is magnified in bottom row. Scale bar,
5 pm. (B) Forced recruitment of Skb1 to Cdr1/2 nodes by GBP. Images
are maximum projections of z-planes in the top half of the cell. Region
boxed in red is magnified in bottom row. Scale bar, 5 pm. (C) Length
of dividing, septated cells of the indicated genotypes (mean + SD;

n > 50 for each value). The p values for two-tailed Student's t tests for
unpaired data with unequal variance are indicated in brackets.

targeting. The CAAX motif increased total cellular levels of Skb1
but dramatically reduced Skb1 levels in the cytoplasm (Figure 8C
and Supplemental Figure S6D). Of importance, cortical Skb1-
mEGFP-CAAX still localized to stable nodes that were compart-
mentalized from Cdr1/2 nodes (Figure 8D). Depleting Skb1 from
the cytoplasm in this manner led to a reduced cell size at division,
similar to skb1A (Figure 8E). This phenotype was not caused by
mislocalization of Pom1 (Supplemental Figure S6E). This result
suggests that Skb1 restricts Cdr1 activity to the cell cortex, where
Cdr1 and Skb1 are compartmentalized in distinct node structures.
We found that the number of Cdr1/2 nodes increases with cell size
(Figure 8F), similar to Skb1 nodes. This increase in protected
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microdomains for Cdr1 has the potential to increase mitotic entry
signals as cells grow.

DISCUSSION

We identified a number of novel physical interactions between the
cell polarity and cell cycle systems and used this information as a
basis to study the spatial regulation of Skb1-Cdr1 signaling. We
showed that Skb1 physically interacts with Cdr1 and inhibits mitotic
entry through Cdr1. Cdr1 and Skb1 are spatially segregated at the
cell cortex by the formation of distinct node structures. The forma-
tion of distinct node populations provides a striking example of
signaling compartmentalization by microdomains in the plasma
membrane. These node compartments contrast the connection
between Hsl7 (Skb1-like) and Hsl1 (Cdri-like) in budding yeast,
where these proteins colocalize at the bud neck and function to-
gether to promote mitotic entry (Ma et al., 1996; McMillan et al.,
1999, 2002; Shulewitz et al., 1999; Cid et al., 2001; Theesfeld et al.,
2003). The opposite phenotypes of hsl7 and skb1 mutants may be
related to the dramatic spatial differences in the signaling path-
ways, such that major changes in both the wiring and positioning
of this pathway have occurred during evolution. The formation of
these stable signaling nodes at the fission yeast cortex opens a vast
number of questions: How do these nodes assemble? What are
their structures? What are the various components and their stoi-
chiometries? Answering these questions will uncover organiza-
tional principles that might operate in a wide range of cell types
and signaling pathways.

We propose a model in which the formation of distinct cortical
nodes ensures timely entry into mitosis through the Skb1-Cdr1
pathway. In the model, Cdr1/2 nodes act as positive clusters to pro-
mote entry into mitosis through Wee1 and Cdk1. In these nodes,
Cdr1 is protected from Skb1 due to compartmentalization of the
cell cortex. Thus, in addition to concentrating signaling proteins,
the formation of Cdr1/2 nodes might function to protect Cdr1 from
inhibition by Skb1 and/or other factors. We showed that the num-
ber of Cdr1/2 nodes scales with cell size. This size-dependent in-
crease likely promotes mitotic entry by increasing local Cdr1 signal-
ing at sites protected from Skb1. Inhibition of Cdr1/2 signaling by
Pom1 also decreases in larger cells (Martin and Berthelot-Grosjean,
2009; Moseley et al., 2009). This suggests the presence of two spa-
tial mechanisms to increase mitotic entry signaling by Cdr1/2 as
cells grow.

Our data suggest that Skb1 negatively regulates Cdr1 in the
cytoplasm, restricting Cdr1 activity and regulation to these cortical
nodes. This would effectively buffer the cytoplasm against excess
Cdr1 activity. At cortical nodes, Cdr1/2 signaling is subject to ad-
ditional layers of regulation, for example, by the cell polarity kinase
Pom1. We note that the growing list of “input” signals to Cdr1 and
Cdr2—including Skb1, Pom1, Nif1, and Fin1—act through largely
undefined molecular mechanisms (Wu and Russell, 1997; Martin
and Berthelot-Grosjean, 2009; Moseley et al., 2009; Grallert et al.,
2012). Our genetic data suggest that Skb1 inhibits Cdr1, but addi-
tional interactions between Skb1 and Wee1 likely contribute to
pathway regulation. Moreover, the skb1A and pom1A cell size phe-
notypes are nonadditive, raising the possibility that Skb1 acts up-
stream of Pom1. However, we did not detect changes in Pom1 lo-
calization upon deletion or overexpression of Skb1, leaving the
potential mechanism unknown. It seems likely that this growing
pathway might not function as a simple linear system, but instead
combined signals and/or feedback control could enhance the pre-
cision and robustness of this cellular size control system. A key fu-
ture challenge will be to define the biochemical interactions and
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FIGURE 8: Depletion of cytoplasmic Skb1 accelerates mitotic entry. (A) Single confocal section of Skb1-3GFP and
Cdr1-3GFP cells. Both Skb1 and Cdr1 are present in the cytoplasm and cortical nodes. Scale bar, 2 ym. (B) Localization
of Skb1-mEGFP and Skb1-mEGFP-CAAX. Images are single confocal section; scale bar, 5 pm. (C) Quantification of Skb1
cytoplasmic concentration in the indicated strains. Levels are presented as arbitrary fluorescence units (a.u.) and
represent mean + SD for 100 cells. (D) Skb1-mEGFP-CAAX does not colocalize with Cdr2. Images are inverted maximum
projections for z-planes in the top half of the cells. Region boxed in red is magnified in bottom row. Scale bar, 5 pm.

(E) Length of dividing, septated cells of the indicated genotypes (mean + SD; n > 50 for each value). The p values for
two-tailed Student’s t tests for unpaired data with unequal variance are indicated in brackets. (F) Number of Cdr2
cortical nodes scales with cell length (n = 134 cells), graphed as box-and-whisker plot.

mechanisms of these multiple inputs to Cdr1 and Cdr2, both as
individual and combinatorial molecular signals.

Control of signaling by compartmentalized nodes is ideally
suited for yeast cells but might represent a general organizational
principle that operates in many cell types. Diffusion in the yeast
plasma membrane is much slower than in other cell types
(Greenberg and Axelrod, 1993; Valdez-Taubas and Pelham, 2003),
providing a more static environment for nodes and other signaling
platforms. The nongrowing region of the fission yeast cell cortex
contains at least three independent and static structures—Cdr1/2
nodes, Skb1 nodes, and Pil1 eisosomes (Kabeche etal., 2011)—sug-
gesting a nondynamic and ordered environment. In animal cells
with faster membrane diffusion rates, the cytoskeleton anchors an
array of signaling nanoclusters that are believed to concentrate
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signaling proteins, promoting pathway robustness (Cebecauer
et al., 2010; Hartman and Groves, 2011). Our findings suggest that
nodes and clusters might also spatially segregate signaling com-
ponents to link pathway activity with changes at the cell cortex.
These higher-order structures assemble by multivalent interactions
of proteins and lipids, with the potential to generate emergent
properties beyond the sum of their parts. The role of such nodes
in a wide range of biological processes indicates a common orga-
nizational principle to control diverse signaling pathways.

MATERIALS AND METHODS

Yeast two-hybrid assay

The Matchmaker yeast two-hybrid system (Clontech, Mountain
View, CA) was used to test protein—-protein interactions. Bait and
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prey plasmids were generated using standard cloning techniques;
details are available upon request. Plasmids are listed with sequenc-
ing details in Supplemental Table S2. For all interaction tests, bait
and prey plasmids were cotransformed into yeast strain Y2H-Gold
and selected on double dropout (DDO) plates (SD-Leu-Trp). Interac-
tions were initially tested on a QDO/A plate (SD-Leu-Trp-Ade-His
with 125 ng/ml aureobasidin A). Bait plasmids that autoactivated
growth on QDO/A plates (Supplemental Figure S1A) were removed
from further tests. Interactions were confirmed and classified by
retransforming bait and prey plasmids, followed by selection on
DDO and subsequent scoring of interactions on both QDO/A
and TDO/3AT plates (SD-Leu-Trp-His with 30 mM 3-amino-1,2,4-
triazole).

Yeast strains and growth

Standard Schizosaccharomyces pombe media and methods were
used (Moreno et al., 1991), and strains are listed in Supplemental
Table S3. For cell length measurements, >50 septated cells grown in
EMMA4S at 25°C were measured by Blankophor staining in log
phase. Spheroplasts were generated by treatment of zymolyase and
novozyme enzymes as described (Kabeche et al., 2011), and growth
was recovered by washing into medium lacking digestive enzymes.
For latrunculin A and MBC treatment, cells were treated with 100 uM
latrunculin A, 50 pg/ml MBC (carbendazim), or dimethyl sulfoxide
control for 1 h before imaging. Gene tagging and deletion were
performed using PCR and homologous recombination (Bahler
et al., 1998), and integrations were verified by colony PCR. For
Skb1-mEGFP-CAAX, we generated a pFA6a-mEGFP-CAAX-natR
plasmid by insertion of amino acids LYKGKKKKKKSKTKCVIM to the
C-terminus of mEGFP in the plasmid pFA6a-mEGFP-natR. Tetrad
dissections were performed to create double mutants. Skb1 methyl-
transferase dead mutant allele was generated by QuikChange I
mutagenesis (Stratagene, Santa Clara, CA) and integrated into the
genome with the marker switch approach using KanMXé as a marker
and JM909 as host strain.

Coimmunoprecipitation and immunoblotting

Experiments in Figure 2, C and D, were performed using strain
IM496  (P41nmt1-GFP-cdr1), JM548 (P41nmt1-GFP-weel), or
JM837 (no GFP tag). Strains carried pREP3x-6His-Skb1 or empty
PREP3x plasmids. Cells were grown at least eight generations at
32°C in minimal medium with 10 pg/ml thiamine and then washed
into medium lacking thiamine. After 20 h of induction, 25 ODsgs
cells were washed twice with 1 ml of lysis buffer (20 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid pH 7.4, 1 mM
EDTA, 150 mM NaCl, 0.2% Triton X-100, 1 mM phenylmethylsul-
fonyl fluoride, complete EDTA-free protease inhibitor tablets
[Roche, Indianapolis, IN]) and then resuspended in 200 pl of lysis
buffer together with 400 pl of glass beads and lysed using a Mini-
beadbeater-16 (BioSpec, Bartlesville, OK; two cycles of 30 s at
maximum speed). Lysates were then spun at 16,000 x g for 20 min
at 4°C, and supernatants were recovered. We incubated 2 mg of
total protein in 700 pl of IP buffer (lysis buffer supplemented with
10 mM imidazole) with 10 pl of nickel-nitriloacetic acid agarose
(Qiagen, Valencia, CA) on a rotating runner at 4°C for 2 h. Beads
were then washed five times with IP buffer, resuspended in 2x
SDS-PAGE sample buffer, and boiled. Western blots were probed
with anti-hexahistidine (SC-8036; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-GFP (Moseley et al., 2009), and anti-Wee1
antibodies. Anti-Wee1 antibody was generated in rabbits against
recombinant Wee1 (836-877) purified from bacteria. Immune
serum was affinity purified using standard techniques (Harlow and
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Lane, 1988). In Supplemental Figure S6D, mouse monoclonal anti-
TAT1 antibody was used to blot a-tubulin as loading control.

Microscopy and image analysis

Cells were imaged on agar pads or in liquid medium using a
DeltaVision Imaging System (Applied Precision, Issaquah, WA),
comprising a customized Olympus IX-71 inverted wide-field
microscope (Olympus, Tokyo, Japan), a CoolSNAP HQ2 camera
(Photometrics, Tucson, AZ), and an Insight solid-state illumination
unit (Applied Precision). Stacks of z-series were acquired at
0.5-pm intervals and processed by iterative deconvolution in
SoftWoRx software (Applied Precision). Images were rendered by
two-dimensional maximum intensity projection by ImageJ 1.45
(National Institutes of Health, Bethesda, MD). In Figure 8, A and
B, cells were imaged by spinning-disk confocal microscopy on an
Eclipse Ti (Nikon, Melville, NY) equipped with a Yokogawa spin-
ning disk, a Nikon 100x/1.4 numerical aperture Plan Apo VC
objective, and an ImagEM C9100-13 electron-multiplying charge-
coupled device camera (Hamamatsu, Hamamatsu, Japan). This
system was controlled by MetaMorph 7 (Molecular Devices,
Sunnyvale, CA) and assembled by Quorum Technologies (Guelph,
Canada). In Figure 6A, a 5-pixel-wide line around curved cell ends
was straightened using Straighten plug-in for ImageJ 1.45. In
Supplemental Movies S3-S5, photobleaching was corrected by
Histogram Matching algorithm in Bleach Correction (EMBO) in
ImageJ 1.45. For Figure 8C, wild-type (no GFP), Skb1-mEGFP,
and Skb1-mEGFP-CAAX cells were imaged under identical
parameters. GFP intensity in the cytoplasm (12 pixel x 12 pixel
box) was measured, and the background signal from wild-type
cells was subtracted.
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