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CHAPTER 1 
 

INTRODUCTION  
 

Cytokinesis is the final stage in the cell division cycle during which one cell is 
separated into two daughter cells. Cytokinesis must be temporally and spatially 
coordinated with genome duplication and segregation so that daughter cells receive a 
complete and intact genome. In addition to this fundamental principle, many other 
features of cytokinesis are shared between organisms, including both physical 
mechanisms and molecular components, which permits the study of model organisms to 
gain a comprehensive and profound understanding of cytokinesis. The fission yeast 
Schizosaccharomyces pombe is one such organism.  

Haploid S. pombe are born 3.5 to 4 µm wide by 7 µm long and proceed to grow 
exclusively at cell ends until they reach a length of 14 µm, at which time they divide 
symmetrically at the medial plane of the cell (Mitchison, 1957; Mitchison and Nurse, 
1985).  Their simple, predictable morphology means that progression through the cell 
cycle can be monitored and any deviations from the standard growth or division pattern 
are easily detected, such as those resulting from forward or reverse genetic studies. 
Forward genetic studies led to the discovery of many cell division cycle genes (cdc) and 
revealed significant conservation among cell cycle machinery between yeast and higher 
eukaryotes (Nurse et al., 1976; Minet et al., 1979; Chang et al., 1996; Balasubramanian et 
al., 1998). 

Like animal cells, S. pombe divides using an actin- and myosin-based contractile 
apparatus called the cytokinetic ring (CR). In the first part of this chapter, I describe the 
conserved structure of this apparatus and how its form has influenced models of its 
function. This section highlights shared features of the CR and CR-mediated cytokinesis 
in organisms as divergent as walled yeast and multi-cellular animals. Next, after 
establishing S. pombe as a relevant model for CR-mediated cytokinesis, I narrate the 
events of cytokinesis in S. pombe, including descriptions of its key players and how it is 
regulated. Finally, I introduce the F-BAR protein family, whose function in the CR is the 
focus of this dissertation.  
 

Molecular form and function of the cytokinetic ring 
 

Adapted from:  
Mangione, M.C. and Gould, K.L. (2019) Journal of Cell Science, 132: jcs226928  

 
Organisms from two of the five eukaryotic supergroups (Burki, 2014), 

Amoebozoa and Opisthokonta (which includes fungi and animals), assemble an actin 
cytoskeleton- and myosin motor protein-based contractile ring, or “cytokinetic ring” (CR), 
to accomplish cytokinesis (Gu and Oliferenko, 2015; Willet et al., 2015c; 
Balasubramanian, 2016; Srivastava et al., 2016; Bhavsar-Jog and Bi, 2017; Glotzer, 2017; 
Hardin et al., 2017; Jahan and Yumura, 2017), whereas the other supergroups rely on 
alternative mechanisms such as other cytoskeletal proteins, motility-based mechanisms, 
or vesicle trafficking of membrane and cell wall to the division site (Farr and Gull, 2012; 
Hardin et al., 2017; Smertenko, 2018; Muller, 2019). The elemental steps of CR-
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mediated cytokinesis are shared (Figure 1A-B): in response to cell cycle-regulated 
signaling, F-actin that is assembled through the actin polymerizers formin accumulates at 
the division plane. The non-muscle myosin-II motor (hereafter called “myosin-II”) 
localizes to the division plane in F-actin-dependent and -independent manners (Wu et al., 
2003; Motegi et al., 2004; Dean et al., 2005; Takaine et al., 2014). Myriad additional 
components also assemble at the division site, including membrane scaffolds (e.g. anillin, 
septins, and F-BAR domain-containing proteins) and F-actin regulators (e.g. severing  

 
 

 
Figure 1. Elemental steps of CR formation and contraction in cultured mammalian 
cells and S. pombe.  
Although not depicted, F-actin and myosin-II exhibit similar dynamics in animal embryos 
(e.g. Caenorhabditis elegans and sea urchin) and amoeboid cells. 
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proteins, bundlers) (Eggert et al., 2006a). Ultimately, signaling cues trigger myosin-II-
mediated contraction of the CR, which simultaneously disassembles as it contracts. 
Substantial progress has been made towards identifying the molecular participants of CR-
mediated cytokinesis through the use of multiple model organisms, including yeast, 
animal cells, and amoebas (Glotzer, 2017; Pollard and O’Shaughnessy, 2019), but how 
structural components are integrated into the CR and how it mediates force generation for 
division remain areas of active research.  

Classic electron microscopy (EM) studies in animal cells, amoebas, and yeast 
revealed that at the division site, F-actin forms a parallel arrangement of bi-directional 
filaments (Schroeder, 1972; Sanger and Sanger, 1980; Gawlitta and Stockem, 1981; 
Maupin and Pollard, 1986; Mabuchi et al., 1988; Mabuchi, 1994; Noguchi and Mabuchi, 
2001; Kamasaki et al., 2007) (Figure 1A-B). Some EM studies also described CR-
adjacent structures that could be myosin-II filaments (Schroeder, 1972; Maupin and 
Pollard, 1986; Mabuchi, 1994; Kamasaki et al., 2007). However, the arrangement of 
myosin-II and other CR components relative to F-actin and the plasma membrane has 
been obscured by the resolution limit of conventional light microscopy (~200 nm) and 
the difficulty of identifying proteinaceous structures in EM samples. Subsequently, super-
resolution fluorescence microscopy (Betzig et al., 2006; Hess et al., 2006; Rust et al., 
2006; Gustafsson et al., 2008; Sydor et al., 2015) has been used to examine CR 
architecture in animal cells and S. pombe. In the following sections, I describe these 
studies and others using improved EM and fluorescence polarization microscopy 
techniques that have provided high resolution information about F-actin, myosin-II and 
numerous other CR components. Then, I discuss the various models that have been 
proposed to explain how the CR mediates plasma membrane ingression at the division 
site, and explore the contexts in which this may or may not be sufficient for cell division.    
 
F-actin 
 Classic EM studies of cleavage furrows and CRs revealed F-actin aligned 
preferentially along the division plane. Electron cryotomography (ECT) of contracting 
CRs in cryopreserved S. pombe (Swulius et al., 2018) and rotary shadow platinum replica 
transmission EM (TEM) of CRs from the isolated cortices of sea urchin embryos 
(Henson et al., 2017) confirmed this arrangment. This arrangement was also visible in 
furrows of HeLa cells stained with phalloidin and imaged using structured illumination 
microscopy (SIM) (Fenix et al., 2016). Interestingly, even though actin filaments 
ultimately align roughly parallel to the division plane, studies in S. pombe and animal 
cells indicate that the CR initiates as a network of randomly oriented actin filaments 
(Fishkind and Wang, 1993; Mabuchi, 1994; Wu et al., 2003; Wu et al., 2006). 
Fluorescence polarization microscopy determined that in human epithelial cells, F-actin 
is isotropic at the onset of anaphase and throughout early furrow ingression before re-
organizing into bi-directional filaments (approximately 150 seconds after anaphase onset) 
(Spira et al., 2017) (Figure 1A). This re-organization is myosin-II-dependent. It remains 
to be seen whether actin reorganization is required for CR contraction or is a consequence 
of force generation (Spira et al., 2017). 

CR-generated force is transmitted to the plasma membrane, which remains 
closely associated with the CR throughout cytokinesis (Schroeder, 1990). How the CR-
plasma membrane association is maintained during contraction is still largely unknown 
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(Schroeder, 1990; Pollard, 2017). ECT images revealed a gap of approximately 60 nm 
between the plasma membrane and the actin bundles of contracting CRs in S. pombe 
(Swulius et al., 2018). A gap of approximately 100 nm between the plasma membrane 
and F-actin was also observed in a fluorescence photoactivation localization microscopy 
(fPALM) study of fully formed S. pombe CRs pre-contraction (McDonald et al., 2017). 
The modest difference in measured gap size in these two studies could be explained by 
different sample preparation methods or, more interestingly, by a structural 
reorganization of the CR during contraction that brings F-actin closer to the membrane. 
Distinguishing between these two possibilities will require additional studies to obtain the 
localization and dynamics of other CR components. Importantly, however, two distinct 
imaging modalities reveal that CR F-actin is not immediately adjacent to the plasma 
membrane and is linked to the plasma membrane by largely unknown mechanisms. 
 
Myosin-II 

In multiple organisms, myosin-II first localizes to the division plane in foci that 
then reorganize into a ring (Maupin and Pollard, 1986; Noguchi and Mabuchi, 2001; Wu 
et al., 2003; Maddox et al., 2005; Vavylonis et al., 2008; Zhou and Wang, 2008; 
Mavrakis et al., 2014) (Figure 1B). Recent SIM and TEM images of sea urchin embryos 
at sequential stages of furrowing captured fine details of myosin-II rearrangement from a 
wide band of clusters at the future division site to a linear structure (Henson et al., 2017). 
As in other organisms, this reorganization is actin-dependent (Henson et al., 2017).  

Myosin-II is a double-headed motor (Figure 2A) and in vitro studies of myosin-II 
from animal cells have demonstrated that it can also oligomerize through its C-terminus 
into bipolar mini-filaments (Verkhovsky and Borisy, 1993; Ricketson et al., 2010; 
Billington et al., 2013) (Figure 2B). The linearly arranged myosin-II in the CR of sea 
urchin embryos is presumed to represent myosin-II mini-filaments (Henson et al., 2017). 
Platinum-replica EM of Saccharomyces cerevisiae protoplasts with a CR also identified 
myosin-II-dependent thick filaments solely at late stages of cytokinesis (Ong et al., 2014). 
Bipolar myosin-II mini-filaments in the CRs of mammalian cells were demonstrated 
using SIM, which revealed that the myosin-II mini-filaments are arranged head-to-head, 
parallel to the plane of division (Beach et al., 2014; Fenix et al., 2016) (Figure 2D). 
Furthermore, the inhibition of myosin-II motor activity impaired the assembly of myosin-
II mini-filaments into larger arrays (i.e. stack formation) (Fenix et al., 2016), supporting 
the idea that myosin-II undergoes a molecular rearrangement during cytokinesis (Henson 
et al., 2017).  

Unlike animal and amoeboid myosin-II, the two myosin-II heavy chains in S. 
pombe, Myo2 and Myp2, do not form filaments. The nonessential Myp2 is single-headed 
(Bezanilla and Pollard, 2000) whereas biochemical studies of the essential Myo2 indicate 
that it functions as a double-headed motor rather than a bipolar mini-filament (Pollard et 
al., 2017; Friend et al., 2018) (Figure 2A). In mature CRs, the tail of Myp2 localizes 
approximately 125 nm away from the plasma membrane, whereas the Myo2 C-terminal 
tail is anchored closer to the plasma membrane (McDonald et al., 2017). Both of the N-
terminal motor domains extend into the cytoplasm to co-localize with F-actin (Figure 2C). 
This Myo2 organization is also present in foci that exist during early CR formation 
termed “cytokinesis nodes”, as determined by single-molecule high-resolution 
colocalization microscopy (Laporte et al., 2011) (Figure 1B). Within cytokinesis nodes, 
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which contain approximately 10 molecules of Myo2, the C-terminal tails of myosin-II 
have a tighter radial organization compared to the N-terminal motor domains as 
determined by fPALM (Laplante et al., 2016). This organization led to a proposal that a 
myosin-II “bouquet”, in which N-terminal motor domains are radially arrayed to interact 
with F-actin, could function as a motor unit comparable to myosin-II mini-filaments 
(Laplante et al., 2016) (Figure 2C). Despite differences in myosin-II molecular structure, 
the dynamic rearrangements that occur throughout cytokinesis in fission yeast, budding 
yeast, and animal cells indicate that myosin-II function is likely highly conserved.  
 
 

 
Figure 2. Molecular structure of myosin-II. 
(A) Double-headed myosin-II is a hexamer. (B) Animal and amoeboid myosin-II can 
oligomerize via C-terminal tails into bipolar filaments. (C) Radial arrangement of 
myosin-II predicted to act as a motor unit in S. pombe, which does not form mini-
filaments. Actin is red. (D) Cartoon of myosin-II arrangement in animal cell CRs. Actin 
is red. Schematics are not drawn to scale. 
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Other CR proteins 
Genetic studies indicate that building and contracting CRs requires many other 

proteins (Eggert et al., 2006a), some of which are structural components that must be 
performing key jobs such as linking the CR to the plasma membrane or possibly 
organizing myosin-II into motor units. However, how these are organized into the whole 
of the CR is unclear. Other than septins, which form filaments on the plasma membrane 
and bind components of the CR (Marquardt et al., 2018), most other CR components 
have not been detected by EM. Super-resolution microscopy can probe their organization 
at the nanoscale level and two such studies were performed in S. pombe (Laplante et al., 
2016; McDonald et al., 2017). Our research group used fPALM to measure the distance 
between 30 CR proteins and the plasma membrane and found that the mature CR appears 
stratified (McDonald et al., 2017) (Figure 3). Closest to the membrane (on average, 0-80 
nm from the membrane) were membrane-bound scaffolds, such as anillin, septins, and F-
BAR proteins, and also formin. Just above these proteins — 80 to 160 nm away from the 
plasma membrane — were most signaling proteins (e.g. kinases, phosphatases, GTPases) 
and a variety of accessory components scaffolded through SH3 domains, which are 
critical for ring integrity. Most distal from the membrane was F-actin, the center of which 
is approximately 200 nm away from the plasma membrane, as well as most direct actin-
binding proteins, including the N-terminal motor domain of myosin-II (Figure 3).  

The arrangement of proteins within the CR is still unclear; however, some insight 
was gained by using fPALM to observe proteins within the plane of the CR. CR 
components in the membrane-proximal layer of pre-contracted CRs cluster, whereas 
proteins localizing to the middle and distal layers have a more homogenous distribution 
(McDonald et al., 2017). This is consistent with findings of Laplante et al. who used 
fPALM in live cells to discover that five cytokinesis node proteins are clustered in 
contracting CRs (Laplante et al., 2016). These clusters are probably distinct from the 
cytokinesis nodes present during CR formation given that the essential organizer for 
cytokinesis nodes, the anillin-like Mid1, leaves the CR during contraction (Wu et al., 
2003). Additionally, the four node proteins examined within the plane of the CR remain 
clustered even in cells with deletion of the mid1 gene and they have different patterns of 
clustering in the mature CR (McDonald et al., 2017). Finally, although the estimated size 
of cytokinesis nodes is within the range of TEM, Swulius et al. did not observe any 
molecular complexes in contracting CRs (Swulius et al., 2018). Future studies to image 
additional CR proteins during contraction are needed to determine if molecular 
complexes exist during contraction, and if yes, their precise composition and the 
functional implications for contraction. Additionally, whether any of these newly 
revealed features of the S. pombe CR are shared with other model organisms is another 
area of future investigation. 
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Figure 3. A model for CR arrangement in S. pombe.  
Scale model of S. pombe CR architecture based on experimentally determined distances 
of CR proteins from the plasma membrane. The model does not incorporate 
stoichiometry. Panels are reproduced from McDonald et al, 2017 with some text 
removed. © 2017, McDonald et al. Available 
at https://elifesciences.org/articles/28865 under the terms of the Creative Commons 
Attribution License. 
 
Models of CR-mediated furrowing 

The organization of proteins within the CR indicates potential modes of CR 
contraction and net inward force generation during cytokinesis. The identification of 
myosin-II stacks in the CR of animal cells (Beach et al., 2014; Fenix et al., 2016) is 
consistent with the classical ‘purse-string’ theory of contraction, in which myosin-II 
slides bi-directionally oriented F-actin filaments over one another to reduce CR diameter. 
Models of contraction in S. pombe, which lack myosin-II bipolar filaments, also converge 
on sliding of bi-directional actin-filaments. These models assume various myosin-II 
organizations, such as plasma membrane-anchored individual myosin-II motors (Nguyen 
et al., 2018) or myosin-II “bouquets” (Laplante et al., 2016; Thiyagarajan et al., 2017) 
(Figure 2C). Myosin-II motors arranged at an angle to each other and bound to different 
actin filaments would slide the intact filaments past one another. The idea of myosin-II 
“bouquets” functioning as a motor unit is attractive because of the observed myosin-II 
clustering (Schroeder, 1990; Stachowiak et al., 2014; Takaine et al., 2015; Wollrab et al., 
2016; McDonald et al., 2017) and the proposal that contractile units exist in CRs of 
multiple organisms (Carvalho et al., 2009; Silva et al., 2016; Thiyagarajan et al., 2017).  

However, the finding that furrow ingression initiates while F-actin is still 
randomly oriented at the division plane (Spira et al., 2017) suggests that an alternative 
mode of contraction could be at work, at least early in cytokinesis. One proposal is that 
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rather than sliding almost-parallel actin filaments, myosin-II first contracts a network of 
isotropic F-actin (Ennomani et al., 2016; Linsmeier et al., 2016; Spira et al., 2017). Over 
time, F-actin in the furrow becomes preferentially aligned with the plane of division. Still, 
other models of CR contraction do not rely on filament sliding. Myosin-II might pull on 
anchored F-actin to the point of breaking such that filament disassembly could drive CR 
contraction (Harasimov and Schuh, 2018) (Figure 2D). The dispensability of the myosin-
II motor domain for cytokinesis in S. cerevisiae (Lord et al., 2005; Wloka et al., 2013) 
and myosin-II motor activity for late stages of Drosophila melanogaster cellularization 
(Xue and Sokac, 2016) led to a related hypothesis wherein disassembly of cross-linked F-
actin filaments drives CR contraction (Sun et al., 2010; Mendes Pinto et al., 2012; 
Mendes Pinto et al., 2013). Determining which of these models is correct, and under 
which circumstances, will require learning much more about the function and regulation 
of individual proteins, especially those accessory proteins that have not been extensively 
studied. 
 
The CR in context  

Though the CR generates force, other mechanisms of force generation likely exist 
given that yeast, amoebas, and animal cells are able to divide in the absence of a robust 
CR under certain circumstances (Zang et al., 1997; Kanada et al., 2005; Carvalho et al., 
2009; Ma et al., 2012; Mendes Pinto et al., 2012; Silva et al., 2016; Davies et al., 2018; 
Dix et al., 2018). The extracellular matrix of the cell is also a critical factor in cell 
division. Animal cells and amoebas with a perturbed CR can still divide by “traction-
mediated cytokinesis,” which relies on force generation by pulling on a substrate as 
daughter cells separate (Zang et al., 1997; Kanada et al., 2005; Jahan and Yumura, 2017; 
Taira and Yumura, 2017; Dix et al., 2018). The commonly studied amoeba Dictyostelium 
discoideum can divide in both myosin-II-dependent and -independent manners. In 
myosin-II null cells, successful cytokinesis depends on adherence to a substratum, which 
allows daughter cells to exert traction force by migrating away from each other. Although 
cell rounding is a classic characteristic of mitotic cells, some substrate attachments 
typically persist (Mitchison, 1992; Taneja et al., 2016; Dix et al., 2018; Lock et al., 2018; 
Taneja et al., 2019) and eliminating them in non-transformed cells causes cytokinesis 
failure (Dix et al., 2018). These observations raise the possibility that some proportion of 
force for cytokinesis during “classical division” is dependent on proper substrate 
adhesion. 

Unlike animal cells and amoebas, fungi have a cell wall, which can be equated 
with the extracellular matrix. Plasma membrane furrowing must be coordinated with 
deposition of the “septum,” a cell wall structure that physically separates daughter cells. 
Current models of division propose that the major force for separation comes from cell 
wall deposition rather than CR contraction. S. cerevisiae lacking myosin-II can divide if 
mutation(s) activating the septum-synthesizing machinery are acquired (Tolliday et al., 
2003). In S. pombe, biophysical measurements in protoplasts determined that the force 
generated by the CR is insufficient to overcome turgor pressure (Stachowiak et al., 2014). 
Thus, the CR may primarily serve as a landmark or mechanical signal guiding septum 
deposition (Proctor et al., 2012a; Stachowiak et al., 2014; Thiyagarajan et al., 2015; Zhou 
et al., 2015) rather than a force-generating molecular machine, and this function could 
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also exist in animal cells and amoebas. The well-studied and extremely tractable S. 
pombe is an excellent system to extend these studies and clarify the functions of the CR. 

 
Dynamics and regulation of CR-mediated cytokinesis S. pombe 

 The ease of genetic manipulation has led to a comprehensive parts list of proteins 
that participate in cytokinesis and localize to the CR and/or division site (Nurse et al., 
1976; Minet et al., 1979; Chang et al., 1996; Matsuyama et al., 2006; Kim et al., 2010; 
Hayles et al., 2013; Chen et al., 2015; Chen et al., 2016). The study of these proteins has 
led to substantial, molecular insight into how S. pombe coordinate mitosis and cytokinesis 
and execute the stages of cytokinesis—division site selection, CR assembly and 
maturation, CR constriction, and septation and cell separation.   
 
Formation 

The events of cytokinesis relative to those of mitosis can be monitored by dual 
imaging of a spindle pole body (SPB) marker and CR marker. The events of cytokinesis 
occur sequentially with a precise timing, which was first described by Wu et al. (Wu et 
al., 2003) and has since been confirmed and elaborated by numerous studies (reviewed in 
(Pollard and Wu, 2010a; Lee et al., 2012)) (Wu et al., 2006; Ge and Balasubramanian, 
2008; Hachet and Simanis, 2008; Pinar et al., 2008; Roberts-Galbraith et al., 2010; 
Almonacid et al., 2011; Arasada and Pollard, 2011; Laporte et al., 2011; Arasada and 
Pollard, 2014; Goss et al., 2014; Cortes et al., 2015; Laplante et al., 2015; Pu et al., 2015; 
Ren et al., 2015; Willet et al., 2015a; Li et al., 2016; Snider et al., 2017; Willet et al., 
2018). The separation of the SPBs indicates the start of mitotic spindle assembly and 
marks mitotic onset. Just before SPB separation, the earliest CR proteins arrive at the 
division site in a broad band of cytokinesis nodes (Wu et al., 2003; Wu et al., 2006; Ye et 
al., 2012; Guzman-Vendrell et al., 2013; Jourdain et al., 2013; Zhu et al., 2013; Akamatsu 
et al., 2014). Combined genetic and fluorescence imaging studies have determined the 
hierarchy of recruitment of node proteins at the CR. The formation of nodes depends on 
the anillin-like protein Mid1 (Laporte et al., 2011; Padmanabhan et al., 2011; Tao et al., 
2014b). Mid1 is sequestered in the nucleus during interphase but upon mitotic onset, 
Mid1 is released from the nucleus and binds to the overlying plasma membrane in the 
cell middle (Sohrmann et al., 1996; Paoletti and Chang, 2000). Here it organizes six 
additional proteins into nodes—the F-BAR protein Cdc15 (Fankhauser et al., 1995; 
Lippincott and Li, 2000), type II myosin heavy chain Myo2 (Kitayama et al., 1997; May 
et al., 1997) and its light chains Cdc4 (McCollum et al., 1995) and Rlc1 (Le Goff et al., 
2000; Naqvi et al., 2000), the IQGAP protein Rng2, and the formin Cdc12 (Chang et al., 
1997; Kovar et al., 2003; Wu et al., 2003; Wu et al., 2006)—but the molecular 
mechanism by which Mid1 directly recruits node proteins is unknown.  

The assembly of node components at the division site is highly regulated by 
phosphorylation. Mid1 release from the nucleus depends on the Polo-like kinase Plo1. 
Not only does Plo1 mediate Mid1 release, but it is also important for activating Mid1 so 
that it can interact with CR proteins (Bahler et al., 1998a; Paoletti and Chang, 2000; 
Almonacid et al., 2011). Phosphorylation of the heavy chain Myo2 inhibits its interaction 
with Mid1 and accumulation at the division site until early mitosis (Almonacid et al., 
2011). Cdc15 is also regulated by phosphorylation. During interphase, Cdc15 is 
hyperphosphorylated, but it is dephosphorylated upon mitotic onset, coincident with its 
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recruitment to the cortex and nodes (Fankhauser et al., 1995; Wachtler et al., 2006; 
Clifford et al., 2008b; Hachet and Simanis, 2008; Roberts-Galbraith et al., 2010). Cdc15 
phosphoablation mutants localize precociously at the cell cortex during interphase and 
recruit downstream partners (Roberts-Galbraith et al., 2010), including the formin Cdc12 
(Carnahan and Gould, 2003; Willet et al., 2015a). In this instance, even though Cdc12 
aberrantly localizes to the cortex, it does not form F-actin, indicating that Cdc12 activity 
is also subject to regulation (Roberts-Galbraith et al., 2010). Indeed, Cdc12 is regulated 
by cyclin-dependent kinase (CDK) (Willet et al., 2018) and Sid2 (Bohnert et al., 2013), a 
terminal kinase of the septation initiation network (SIN).  

The SIN is a GTPase activated kinase cascade that regulates CR formation, 
maturation, and constriction and septum formation (reviewed in ((Roberts-Galbraith and 
Gould, 2008; Johnson et al., 2012; Simanis, 2015)). Association of the bipartite GTPase-
activating protein (GAP) Byr4-Cdc16 with the upstream Ras-superfamily GTPase Spg1 
inhibits SIN activation during interphase. Upon mitotic entry, Plo1 and CDK (Rachfall et 
al., 2014) phosphorylate Byr4-Cdc16, liberating Spg1 and activating the downstream 
kinase cascade. SIN signaling occurs at the SPB, but Sid2 also localizes to the CR during 
anaphase, where it likely has multiple substrates important for proper CR contraction. 
SIN signaling is sufficient for CR formation during interphase and required for CR 
contraction and therefore both activating and inactivating SIN mutants are lethal (Minet 
et al., 1979).   

Concurrently with metaphase and anaphase, nodes coalesce into a coherent ring 
(Wu et al., 2006), a stage called “formation.” A “search-capture-pull-release” model of 
CR formation has been proposed (Vavylonis et al., 2008) and partially reconstituted in 
vitro (Zimmermann et al., 2017) in which the essential formin Cdc12 that is anchored on 
the plasma membrane nucleates and elongates linear F-actin in random orientations 
(‘searching’). Actin filaments are then ‘captured’ by myosin-II from neighboring nodes. 
Next, myosin-II ‘pulls’ nodes closer together until their attachment is ‘released’ by F-
actin severing (Vavylonis et al., 2008; Vavylonis and Horan, 2017).  

In the absence of Mid1, the CR still forms in the cell middle, but in a less 
organized manner and later in the cell cycle: during anaphase, actin filaments are 
nucleated from one-to-many sites on the cortex and CRs often form obliquely at an angle 
to the long axis resulting in septation defects. This mechanism of CR formation is 
dependent on the SIN (Sohrmann et al., 1996; Hachet and Simanis, 2008; Huang et al., 
2008; Saha and Pollard, 2012; Tao et al., 2014a). 

Despite the apparently unrestricted site of CR formation in mid1∆, it was noted 
that septa are never observed at the hemi-spherical cell tips of S. pombe, indicating that a 
second, inhibitory mechanism exists to regulate CR and/or septum placement (Huang et 
al., 2007). This mechanism, termed the “tip occlusion pathway,” requires microtubules, 
the microtubule motor complex Tea1 and Tea4, and the DYRK kinase Pom1 (Huang et 
al., 2007). The Tea1-Tea4 complex transports Pom1 out to cell tips (Bahler and Pringle, 
1998). There, Pom1 phosphorylates itself and substrates involved in cell polarity and 
temporal regulation of cytokinesis (Moseley et al., 2009; Rincon et al., 2014; Kettenbach 
et al., 2015; Lee et al., 2018). Additionally, Pom1 had already been implicated in 
regulating division site placement since pom1∆ show mis-localized Mid1 and off-center 
CR and septa (Bahler and Pringle, 1998; Padte et al., 2006; Rincon et al., 2014). mid1∆ is 
synthetic lethal with deletion of tea1, tea4, or pom1 (Bahler and Pringle, 1998; Huang et 
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al., 2007). Combining mid1∆ with temperature-sensitive mutants leads to the formation 
of tip septa at the restrictive temperature with septa spanning the long-axis of the cell, 
essentially perpendicularly to the normal division plane (Huang et al., 2007). In summary, 
division site placement is dictated by both positive and negative signals provided by 
Mid1 and the tip occlusion pathway, respectively.  

Interestingly, combining a hypomorphic allele of the F-BAR protein Cdc15 
(cdc15-gc1) with mid1∆ tea1-18 partially rescued tip septation (Huang et al., 2007). 
Given that Cdc15 is highly phosphorylated (Fankhauser et al., 1995; Wachtler et al., 2006; 
Clifford et al., 2008b; Hachet and Simanis, 2008; Roberts-Galbraith et al., 2010; 
Kettenbach et al., 2015; Lee et al., 2018), it was hypothesized that Pom1 provides the 
inhibitory cue by phosphorylating the CR protein Cdc15, and indeed it has since been 
confirmed that Cdc15 is a substrate of Pom1 (Kettenbach et al., 2015; Lee et al., 2018). 
Chapter 4 reports studies to test the hypothesis that phosphorylation of Cdc15 is the main 
inhibitory signal to prevent tip septation. 
 
Maturation, constriction, septation, and cell separation 

The dwells before contraction onset for a period of time called “maturation,” 
during which additional proteins accumulate at the CR. These include the components of 
a network anchored by the SH3 domains of F-BAR proteins Cdc15 and Imp2 (Roberts-
Galbraith et al., 2009; Ren et al., 2015; Davidson et al., 2016; Sethi et al., 2016), such as 
Pxl1 (Ge and Balasubramanian, 2008; Pinar et al., 2008; Roberts-Galbraith et al., 2009; 
Cortes et al., 2015; Martin-Garcia et al., 2018), Fic1 (Roberts-Galbraith et al., 2009; 
Bohnert and Gould, 2012), and Cyk3 (Roberts-Galbraith et al., 2010; Bohnert and Gould, 
2012; Pollard et al., 2012). This network is important for maintenance of the CR at the 
division site (Roberts-Galbraith et al., 2009; Ren et al., 2015; Davidson et al., 2016; Sethi 
et al., 2016). As previously mentioned, Cdc15 is one of the earliest proteins at the 
division site and presumably its SH3 domain is available to interact with these proteins. 
Therefore, there must be additional mechanisms that regulate the arrival of this network. 
Chapter 3 describes one potential mechanism by which the recruitment of Pxl1 is 
regulated and begins to explore how this timing impacts cytokinesis.  

Contraction onset coincides with maximum spindle length, i.e. when the length 
between SPBs is greatest. Contraction is visualized as the decreasing length (i.e. 
circumference) of the CR until it is visible as a single dot. Cell wall material is 
concomitantly deposited behind the contracting CR, forming a specialized structure 
called the “septum,” which isolates the cytoplasm of the daughter cells. The septum is a 
trilaminar structure, with an initial primary septum flanked by two secondary septa 
(Johnson et al., 1973). The cell wall is composed of glucans, which are deposited and 
remodeled by glucan synthases and glucanase (reviewed in (Willet et al., 2015c; García 
Cortés et al., 2016; Perez et al., 2016)). The primary septum is deposited by the glucan 
synthase Bgs1 (Cps1) (Liu et al., 1999) while Bgs4 (Cortes et al., 2005) is primarily 
responsible for secondary septum deposition. The degradation of the primary septum 
liberates the two daughter cells and the secondary septa become the cell wall of the new 
cell ends.  

As previously described, biophysical measurements and genetic studies have 
determined that the force generated by the CR is insufficient to overcome the turgor 
pressure of the cell (Proctor et al., 2012b; Stachowiak et al., 2014). A temperature-
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sensitive allele of Bgs1, cps1-191, arrests at the restrictive temperature with fully formed, 
non-contracted CRs (Liu et al., 1999; Liu et al., 2000; Munoz et al., 2013). Furthermore, 
cell division can occur even in the absence of a circumferential CR—albeit 
inefficiently—provided that cell wall deposition initiates (Cortes et al., 2015; 
Thiyagarajan et al., 2015; Zhou et al., 2015; JC et al., 2018). Therefore, the current model 
is that cell wall deposition provides the major force for cell division (Proctor et al., 2012b; 
Stachowiak et al., 2014). Chapter 2 describes the discovery of a novel Cdc15 mutant that 
has a defective CR but still divides dependent on cell wall deposition. Cdc15 is a member 
of the F-BAR protein family, which is composed of key membrane-CR scaffolds. In the 
following section, I introduce F-BAR protein structure and describe what is known about 
Cdc15.  

 
The F-BAR protein family 

F-BAR proteins are members of the Bin/amphiphysin/Rvs167 (BAR) superfamily, 
which is conserved from yeast to humans (Frost et al., 2007; Frost et al., 2009). These 
proteins have a Fer/CIP4 homology (FCH)-BAR (F-BAR) domain that is often linked to 
additional functional domains by an intrinsically disordered linker. This protein structure 
reflects their function at the interface between membranes and the cytoskeleton in cellular 
processes such as endocytosis, cell migration and cytokinesis (Lippincott and Li, 2000; 
Ahmed et al., 2010; Fricke et al., 2010; McDonald and Gould, 2016). In this section, I 
first describe the structure of F-BAR proteins and then review in detail what is known 
about the essential cytokinetic F-BAR protein Cdc15 and its paralog Imp2.  
 
Structure of F-BAR proteins  

The defining feature of F-BAR proteins is their namesake F-BAR domain. 
Although these domains have limited sequence similarity, they share a globular structure 
that is formed when a monomer of three alpha-helices dimerizes to form a crescent 
membrane-binding interface (Henne et al., 2007). F-BAR domains have shallow, and in 
some cases flat, curvature. The concave surface of the F-BAR domain forms the 
membrane-binding interface and consists of multiple positively-charged patches that 
interact electrostatically with negatively charged phospholipids, such as 
phosphatidylserine and phosphatidylinositol bis(4,5)phosphate (Tsujita et al., 2006; 
Shimada et al., 2010; Bai et al., 2012; Goh et al., 2012; Bai and Zheng, 2013; McDonald 
et al., 2015; McDonald and Gould, 2016; McDonald et al., 2016).  

In addition to membrane binding, F-BAR domains interact with each other to 
form higher-order oligomers. There are multiple modes of oligomerization, such as tip-
to-tip, lateral interactions, and tip-to-core (Bai et al., 2012; Bai and Zheng, 2013; 
McDonald et al., 2015; McDonald et al., 2016), although whether this confers unique 
functions to F-BAR domains is unknown. This increases the avidity of the F-BAR 
domain for the plasma membrane and forms a multivalent scaffold upon which the 
molecular events of various cellular processes (e.g. endocytosis or cytokinesis) are 
coordinated. Mutations that reduced oligomerization of S. pombe Cdc15, human 
RhoGAP4, and human Fer caused cellular defects (McDonald et al., 2015). This led to 
the proposal that the primary function of the F-BAR domain is to form a multivalent 
scaffold with high avidity for the membrane. Thus, the F-BAR domain positions the 
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protein at the membrane where it can interact with and modulate the cytoskeleton through 
binding partners.  

A small number of F-BAR domains have been shown to directly bind partners 
(Shoham et al., 2003; Hansen et al., 2011; Senju et al., 2011; Begonja et al., 2015; 
Garabedian et al., 2018; Liu et al., 2019). However, most F-BAR protein interactions are 
mediated by accessory domains. These include protein-binding domains such as Src 
homology 3 (SH3) or mu homology domains (µHD) and signaling domains such as 
GTPase activating protein (GAP) and tyrosine (Tyr) kinase domains (Roberts-Galbraith 
and Gould, 2010; McDonald and Gould, 2016). The domains of F-BAR proteins are 
linked by intrinsically disordered regions (IDRs). IDRs display high intramolecular 
flexibility and little secondary structure under physiological conditions.  Only in the past 
decade have the functional advantages of disordered proteins been appreciated, such as 
regulation by post-translational modification and partner binding (Tompa, 2002; 
Daughdrill et al., 2007; Tompa, 2012; Dunker et al., 2015; Levine et al., 2015; Metskas 
and Rhoades, 2015; Pappu, 2015; Reed et al., 2015). The IDRs of F-BAR proteins are 
often sites of phosphorylation (Roberts-Galbraith and Gould, 2010; Roberts-Galbraith et 
al., 2010; Meitinger et al., 2011; Quan et al., 2012; Merlini et al., 2015). Some IDRs have 
also been implicated in protein localization and in interactions (Meitinger et al., 2011; 
Meitinger et al., 2013; Oh et al., 2013) (Hollopeter et al., 2014; Umasankar et al., 2014) 
(Yamamoto et al., 2018). In Chapter 2, a function for the IDR of S. pombe Cdc15 is 
described.  
   
Function and regulation of S. pombe F-BAR Cdc15 

Three F-BAR proteins localize to the CR in S. pombe: essential Cdc15 
(Fankhauser et al., 1995) and non-essential Imp2 (Demeter and Sazer, 1998) and Rga7 
(Arasada and Pollard, 2011; Martin-Garcia et al., 2014). All three have N-terminal F-
BAR domains while Cdc15 and Imp2 have C-terminal SH3 domains and Rga7 has a C-
terminal RhoGAP domain. Cdc15 is the earliest of these to arrive at the CR (Wu et al., 
2003), while Imp2 and Rga7 arrive during maturation (Demeter and Sazer, 1998; 
Roberts-Galbraith et al., 2009; Martin-Garcia et al., 2014; Ren et al., 2015).  

Cdc15 typifies an F-BAR protein serving as a membrane-cytoskeleton scaffold. 
The F-BAR domain binds phospholipids in vitro (McDonald et al., 2015) and 
oligomerizes in a linear tip-to-tip fashion (Roberts-Galbraith et al., 2010; McDonald et al., 
2015). Interfering with the ability of the F-BAR domain to oligomerize destabilizes the 
CR such that it slides along the cortex during cytokinesis, indicating that F-BAR domain 
oligomerization is vital for providing a high avidity interaction with the membrane 
(McDonald et al., 2015). Indeed, super-resolution microscopy localizes the F-BAR 
domain to within 69 +/- 50 nm of the plasma membrane (McDonald et al., 2017). The F-
BAR domain of Cdc15 also directly binds the formin Cdc12 (Carnahan and Gould, 2003; 
Willet et al., 2015a). Unpublished data from our lab confirms that Cdc15 F-BAR domain 
can simultaneously interact with membranes and Cdc12 (Chloe Snider), thus positioning 
it to link the membrane to the F-actin of the CR via its interaction with Cdc12.  

The SH3 domain of Cdc15 shares an essential function with the SH3 domain of 
Imp2 (Roberts-Galbraith et al., 2009; Ren et al., 2015). Both redundantly bind numerous 
CR components including the C2 domain protein Fic1, the paxillin-like protein Pxl1, and 
the RhoGEF Rgf3. Cdc15 binding partners themselves bind other proteins, such as Art1 
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and Pos1, and collectively this network stabilizes the CR and coordinates contraction 
with septum formation (Ren et al., 2015; Davidson et al., 2016; Sethi et al., 2016). 
Though cells tolerate deletion of one SH3 domain, the imp2∆SH3cdc15∆SH3 double 
mutant is inviable (Roberts-Galbraith et al., 2009). Time-lapse microscopy of the first 
divisions of imp2∆SH3cdc15∆SH3 germinating spores expressing the cytokinetic ring 
marker Rlc1-GFP reveal that the cytokinetic ring begins to form in these cells but then 
unravels, resulting in multinucleate cells that ultimately die (Roberts-Galbraith et al., 
2009).  

As previously mentioned, Cdc15 is phosphorylated in a cell cycle-dependent 
manner: it is hyper-phosphorylated during interphase and dephosphorylated during 
mitosis (Fankhauser et al., 1995; Wachtler et al., 2006; Hachet and Simanis, 2008; 
Roberts-Galbraith et al., 2010). Subsequent studies have identified that the majority of 
Cdc15 phosphorylation occurs in the IDR of Cdc15 (Roberts-Galbraith et al., 2010; Koch 
et al., 2011; Carpy et al., 2014; Kettenbach et al., 2015; Swaffer et al., 2016; Lee et al., 
2018; Swaffer et al., 2018). Studies from our lab demonstrated that Cdc15 
phosphorylation regulates its localization in the cell, its ability to bind membranes, 
oligomerize, and interact with proteins (Roberts-Galbraith et al., 2010). This led to the 
proposal of a model in which phosphorylation causes a conformational change in the 
protein that obscures membrane- and protein-binding interfaces (Roberts-Galbraith et al., 
2010). However, this model has not been tested. To date, only two kinases have been 
shown to phosphorylate Cdc15, the DYRK kinase Pom1 and the MARK kinase Kin1 
(Kettenbach et al., 2015; Lee et al., 2018).  

This thesis describes three independent studies that aim to better understand 
Cdc15’s scaffolding role in the CR. In Chapter 2, a scaffolding function is assigned to the 
previously unstudied IDR. Chapter 3 reports the regulation of Cdc15’s binding partner, 
Pxl1, providing insight into how it might be contributing to cytokinesis and Cdc15’s 
scaffolding function. Chapter 4 describes the consequences of Cdc15 phosphorylation by 
Pom1 and also the discovery that two other kinases regulate Cdc15.  
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CHAPTER 2 
 

THE INTRINSICALLY DISORDERED REGION OF THE CYTOKINETIC F-BAR 
PROTEIN CDC15 PROVIDES A UNIQUE ESSENTIAL FUNCTION IN 

MAINTENANCE OF CYTOKINETIC RING INTEGRITY 
 

Abstract  
Successful separation of two daughter cells (i.e. cytokinesis) is essential for life. 

Many eukaryotic cells divide using a contractile apparatus called the cytokinetic ring (CR) 
that associates dynamically with the plasma membrane (PM) and generates force that 
contributes to PM ingression between daughter cells. In Schizosaccharomyces pombe, 
important membrane-CR scaffolds include the paralogous F-BAR proteins Cdc15 and 
Imp2. Their conserved protein structure consists of the archetypal F-BAR domain linked 
to an SH3 domain by an intrinsically disordered region (IDR). Functions have been 
assigned to the F-BAR and SH3 domains, and in this study we probed the function of the 
central IDR. We found that the IDR of Cdc15 is essential for viability and cannot be 
replaced by that of Imp2, whereas the F-BAR domain of Cdc15 can be swapped with 
several different F-BAR domains, including that of Imp2. Deleting part of the IDR results 
in CR defects and abolishes calcineurin phosphatase localization to the CR. Together 
these results indicate that Cdc15’s IDR has a non-redundant essential function that 
coordinates regulation of CR architecture. 
 

Introduction 
Cytokinesis is the final step in the cell division cycle when daughter cells separate. 

In Amoebozoa and Opisthokonta, cytokinesis employs an actin- and myosin-based 
proteinaceous apparatus termed the cytokinetic ring (CR) (Mangione and Gould, In press). 
The CR assembles at the future division plane and eventually constricts coincident with 
cleavage furrow ingression. Of the many proteins that comprise the CR, membrane-
bound scaffolds are crucial for transmitting CR-generated tension to the plasma 
membrane (PM) and for maintaining CR placement at the division site (Glotzer, 2017). 
F-BAR proteins are conserved membrane-CR scaffolds that function during cytokinesis 
as well as other processes involving coordination between the dynamic cytoskeleton and 
membranes (Lippincott and Li, 2000; Ahmed et al., 2010; Fricke et al., 2010; Roberts-
Galbraith and Gould, 2010). The namesake F-BAR domain binds phospholipids and 
oligomerizes into a multivalent platform that can recruit proteins to membranes through 
interactions with the F-BAR domain itself or using additional functional domains 
(McDonald and Gould, 2016).  

In the fission yeast Schizosaccharomyces pombe, the F-BAR protein Cdc15 is an 
essential protein that promotes CR stabilization and cell wall deposition (i.e. septation) 
that occurs coincident with CR constriction (Fankhauser et al., 1995; Wachtler et al., 
2006; Huang et al., 2007; Pinar et al., 2008; Roberts-Galbraith et al., 2009; Arasada and 
Pollard, 2014; Cortes et al., 2015; Ren et al., 2015; Willet et al., 2015b; Sethi et al., 2016; 
Onwubiko et al., 2019). Cdc15 has an N-terminal F-BAR domain linked by a central 
intrinsically disordered region (IDR) to a C-terminal SH3 domain. The F-BAR domain 
directly binds the PM (McDonald et al., 2015) and the essential CR actin 
nucleator/elongator formin Cdc12 (Carnahan and Gould, 2003; Willet et al., 2015a). 
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Additionally, the Cdc15 F-BAR domain oligomerizes into a multivalent scaffold with 
high avidity for the PM at the division site (McDonald et al., 2015). Disrupting the 
Cdc15-Cdc12 interaction delays CR formation (Willet et al., 2015a), while disrupting 
Cdc15 F-BAR membrane-binding and oligomerization destabilizes the CR and increases 
cytokinesis failures (McDonald et al., 2015). Indeed, the F-BAR domain is essential for 
Cdc15 function and cell viability (McDonald et al., 2015). In contrast, domain-swapping 
experiments showed that the Cdc15 SH3 domain is redundant with that of its paralog 
Imp2, which is also a component of the CR (Demeter and Sazer, 1998; Roberts-Galbraith 
et al., 2009; Ren et al., 2015).  

Imp2 shares Cdc15’s domain structure: an N-terminal F-BAR domain is linked by 
an IDR to a C-terminal SH3 domain. However, imp2 null cells are viable, though they 
have severe cytokinetic defects (McDonald et al., 2016) and Imp2 dynamics at the CR 
differ from Cdc15 (Demeter and Sazer, 1998; Ren et al., 2015). The defects of imp2 null 
cells are recapitulated by an F-BAR deletion mutant, imp2(C) (McDonald et al., 2016); 
however, replacing the F-BAR of Imp2 with that of Cdc15 or the Saccharomyces 
cerevisiae homolog Hof1 rescues the mutant phenotype (McDonald et al., 2016). These 
results not only emphasized the importance of membrane binding for F-BAR protein 
function but also suggested an unexpected plasticity among F-BAR domains to perform 
this critical function, and pointed to the IDRs of Imp2 and Cdc15 as the key determinants 
of their functional differences.   

IDRs are flexible, unfolded structures for which predicting protein function is 
difficult. Their flexibility allows them to sample many conformations thus enabling 
interaction with multiple binding partners (Tompa, 2012). Here, we have extended our 
comparative analyses of the relative importance of the F-BAR and IDR in the context of 
Cdc15’s essential function in cytokinesis. We found that a variety of F-BAR domains 
from human and S. pombe F-BAR proteins can substitute for the Cdc15 F-BAR. In 
contrast, the Cdc15 IDR is essential and apparently uniquely so because it cannot be 
replaced by the Imp2 IDR. Further structure-function analysis of the Cdc15 IDR revealed 
that cells tolerate removing or exchanging parts of the IDR. However, such mutations are 
accompanied by cytokinesis defects and one section of the IDR is specifically required to 
maintain the circularity of the CR during constriction. At least some of the defects caused 
by deletions within the IDR are explained by failure to recruit the calcineurin 
phosphatase to the division site. Taken together, our results reveal a remarkable 
functional plasticity among F-BAR domains and add to the growing appreciation that 
IDRs make critical contributions in a variety of proteins and biological contexts. 
 

Results 
 
The Cdc15 IDR is essential for viability 

We tested the ability of various cdc15 mutants to support viability by integrating 
them at one cdc15 locus of diploid cells to make cdc15+/cdc15 mutant heterozygotes. 
Next, the diploids were sporulated and tetrads dissected to determine if the cdc15 
mutations could support viability when present as the sole cdc15 allele. 
 We found that the Cdc15 F-BAR domain alone was not sufficient to support cell 
viability (Figure 4, A and B). An allele encoding the Cdc15 F-BAR domain juxtaposed to 
the SH3 domain (cdc15-∆IDR) was also unable to support viability, verifying the 
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necessity of Cdc15’s IDR (Figure 4, A and C). Deletion of the SH3 domain was 
previously determined to be viable (Roberts-Galbraith et al., 2009) and further C-terminal 
truncation was tolerated to aa 710 but not to aa 700 (Figure 4A). These results, and those 
from previous studies (McDonald et al., 2015), indicate that the F-BAR domain and part 
of the IDR are required to perform Cdc15’s essential function. 
 
F-BAR domains can be exchanged 

We next asked if these features could be replaced by the comparable regions of 
other F-BAR proteins. We first generated a series of chimeras by fusing various F-BAR 
domains from human and yeast proteins to the Cdc15 C-terminus and then tested them 
for viability as previously described. Five of the fifteen chimeras were viable: the fusions 
with F-BAR domains of human proteins Fer, Gas7, PACSIN2, and PSTPIP1 and S. 
pombe Imp2 (Figure 5A; Table 1). We tagged three with the fluorophore mNeonGreen 
(mNG) and they indeed localized to the CR (Figure 5B).  

In contrast, neither a substitution of the Cdc15 IDR with that of Imp2 (cdc15-
imp2 chimera) nor a mutant in which the Imp2 IDR was duplicated to match the length of 
Cdc15’s IDR (cdc15-imp2 extended chimera) supported viability (Figure 5A). These 
results indicate that the Cdc15 IDR is essential in a sequence-specific manner.  
 

 
 
 

 
Figure 4. The IDR of Cdc15 is essential.  
(A) Table of cdc15 alleles, schematic of gene product (drawn to scale), and ability to 
rescue cdc15 null. Numbers indicate aa position. (B and C) Diploids of the indicated 
genotype were induced to sporulate and tetrads were dissected on YES plates.  
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Table 1. F-BAR domains tested for rescuing Cdc15. 
 

Species Gene Protein F-BAR 
aa 

Chimera 
Viable? 

S. cerevisiae HOF1 Formin-binding protein Hof1 
 

1-294 No 

S. pombe imp2 Contractile ring protein Imp2 
 

1-320 Yes 

H. sapiens ARHGAP4 Rho GTPase-activating protein 4 
 

1-381 No 

 FCHO1 F-BAR domain only protein 1 
 

1-303 No 

 FCHO2 F-BAR domain only protein 2 
 

1-301 No 

 FCHSD1 FCH and double SH3 domains 
protein 1 

1-376 No 

 FCHSD2 FCH and double SH3 domains 
protein 2 

1-396 No 

 FER Tyrosine protein kinase Fer 
 

1-287 Yes 

 FES Tyrosine protein kinase Fes 
 

1-288 No 

 FNBP1 Formin-binding protein 17 
(FBP17) 

1-319 No 

 GAS7 Growth arrest-specific protein 7 
 

198-476 Yes 

 PACSIN1 Protein kinase C and casein kinase 
substrate in neurons 1 

1-306 No 

 PACSIN2 Protein kinase C and casein kinase 
substrate in neurons 2 

1-304 Yes 

 PSTPIP1 Proline-serine-threonine 
phosphatase-interacting protein 1 

1-290 Yes 

 PSTPIP2 Proline-serine-threonine 
phosphatase-interacting protein 2 

1-312 No 
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Figure 5. Cdc15 F-BAR but not IDR can be replaced by domains of homologous 
proteins. 
(A) Table of cdc15 alleles, schematic of gene product (drawn to scale), and ability to 
rescue cdc15 null. Numbers indicate aa position. (B) Live-cell images of the indicated 
haploid strains. A single brightfield (BF) z-slice and sum projections of mNG images are 
shown. Bar, 5 µm. 
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Partial loss of the IDR results in cytokinesis defects 
 To separate the function of the IDR from that of the SH3 domain, which 
coordinates CR constriction and septum deposition through multiple binding interactions 
(Tajadura et al., 2004; Morrell-Falvey et al., 2005; Pinar et al., 2008; Roberts-Galbraith et 
al., 2009; Cortes et al., 2015; Ren et al., 2015; Sethi et al., 2016), we divided the IDR into 
three segments of 175 aa (Figure 6A) and deleted each segment individually. Each of the 
three deletion mutants was viable (Figure 6B). However, the three mutants had different 
phenotypes: cdc15-∆1 cells were morphologically indistinguishable from WT cells, while 
cdc15-∆2 and cdc15-∆3 cells had defects in morphology and cell division, as evidenced 
by an increased number of nuclei and septa per cell (Figure 6, B and C). We considered 
the possibility that the cytokinetic defects observed in cdc15-∆2 and cdc15-∆3 resulted 
from simultaneously removing key aa residues and shortening the separation between the 
F-BAR and SH3 domains. Therefore, we tested if replacing the IDR with duplicated or 
triplicated segment 2 (aa 503 to 677) would rescue the morphological defects, but they 
did not (Figure 6D). 
 As described above, the shortest viable C-terminal truncation of Cdc15 was at aa 
710 (Figure 4A). Therefore, although segment 3 (aa 678 to 854) could be deleted when 
the SH3 domain was present (Figure 6B), cells required part of segment 3 in the absence 
of the SH3 domain. This result suggested that there are likely multiple functional motifs 
along the length of Cdc15 and that loss of some combinations, but not others, might be 
tolerated. To expand on this idea, we combined deletions of IDR segments and/or the 
SH3 domain. While cdc15-∆1∆3 and cdc15-∆1∆SH3 are viable, cdc15-∆1∆2, cdc15-
∆2∆3, and cdc15-∆2∆SH3 are not (Figure 6E). These results indicate that region 2 
mediates a particularly important function such that its loss is barely tolerated.  
 Segments 2 and 3 of Cdc15’s IDR contain multiple short stretches that have similar 
sequence identity among Schizosaccharomyces species (Figure 7). Many of these 
conserved motifs also have high prediction for protein binding (ANCHOR; (Dosztanyi et 
al., 2009; Meszaros et al., 2009)) (Figure 8A). Therefore, deletions of these short 
conserved motifs were tested to better define important functional motifs within the IDR. 
However, none of the smaller deletions resulted in the cytokinetic phenotypes observed 
for cdc15-∆2 or cdc15-∆3 (Figure 8B). 
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Figure 6. Cdc15 IDR deletion mutants have cytokinesis defects.  
(A) Schematic of Cdc15 indicating the aa boundaries of IDR regions. (B) BF images of 
the indicated strains. Bar, 5 µm. (C) Quantification of the number of nuclei (left) and 
septa (right) per cell of the indicated strains, determined from cells stained with DAPI 
and Methyl Blue to visualize DNA and septum, respectively. Results are the mean from 
three biological replicates, n > 198 cells per replicate. Error bars are SD. *, p<0.05 
Student’s T-test. (D-E) Table of cdc15 alleles, schematic of gene product, and ability to 
rescue cdc15 null. Schematics are drawn to scale. Black lines indicate deletion. Numbers 
indicate aa position. 
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Figure 7. The central region of Cdc15 is conserved across Schizosaccharomyces 
species. 
Sequence alignment of cdc15 central region from Schizosaccharomyces species. 
Predicted binding regions from Figure 8A are underlined and in bold typeface. Small 
deletions that were tested for morphological defects (listed in Figure 8B) are highlighted 
in yellow. 
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Figure 8. The central region of Cdc15 is predicted to be disordered and has multiple 
predicted binding regions. 
(A) Results of IUPRED and ANCHOR analysis identifying stretches of Cdc15 that have 
high likelihood for disorder and greater than 50% prediction for binding, respectively. aa 
that have >50% probability for binding are listed to the right.  (B) To-scale schematics of 
small deletions. 
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Cdc15 IDR mutants localize to the division site and are phosphoregulated 
 We confirmed by SDS-PAGE and immunoblotting that Cdc15-∆1, Cdc15-∆2, and 
Cdc15-∆3 were produced at levels comparable to WT Cdc15 (Figure 9A). Additionally, 
the three single segment deletion mutants localized to nodes and CRs (Figure 9B). 
 Next, we examined if the Cdc15 segment deletions were still subject to cell cycle-
regulated phosphoregulation as the IDR is the primary site of phosphorylation (Wilson-
Grady et al., 2008; Roberts-Galbraith et al., 2010; Koch et al., 2011; Chen et al., 2013; 
Carpy et al., 2014; Kettenbach et al., 2015; Swaffer et al., 2016; Lee et al., 2018; Swaffer 
et al., 2018) During interphase, Cdc15 is highly phosphorylated, which is evidenced by 
slower mobility on SDS-PAGE (Fankhauser et al., 1995; Roberts-Galbraith et al., 2010). 
During mitosis and cytokinesis, Cdc15 is dephosphorylated (Fankhauser et al., 1995; 
Roberts-Galbraith et al., 2010). Mutants that abolish phosphorylation exhibit defects in 
cytokinesis and abnormally localize to the cell cortex during interphase (Roberts-
Galbraith et al., 2010). Lambda phosphatase collapse revealed that Cdc15-∆1, Cdc15-∆2, 
and Cdc15-∆3 were still phosphorylated (Figure 10A). Additionally, we determined that 
Cdc15-∆1, Cdc15-∆2, and Cdc15-∆3 maintained cell cycle changes in phosphorylation 
(Figure 10B). Furthermore, mEGFP-Cdc15-∆2 and mEGFP-Cdc15-∆3 showed diffuse 
localization during interphase (Figure 10C), suggesting that the division defects of cdc15-
∆2 and cdc15-∆3 are not mimicking Cdc15 phospho-ablating mutants. In contrast, 
mEGFP-Cdc15-∆1 accumulated in cortical puncta during interphase despite the fact that 
cdc15-∆1 have normal morphology (Figure 10C). These findings suggest that 
phosphorylation events throughout the IDR may have differential effects on Cdc15 
function.  
 
 

 
Figure 9. Cdc15 IDR mutants are produced and localize to the division site. 
 (A) Lysates from indicated strains immunoblotted (IB) for indicated proteins. The bands 
that are full-length product of cdc15 allele are indicated by brackets. (B) Live-cell images 
of the indicated haploid strains. A single BF z-slice and sum projections of mNG images 
are shown. Bar, 5 µm.  
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Figure 10. Cdc15 IDR deletion mutants are phosphorylated. 
(A) IB of Cdc15 immunoprecipitated (IP) from the indicated strains and then treated with 
lambda phosphatase (λPPase). Brackets in untreated lanes indicate Cdc15. (B) cdc25-22 
cells with the indicated cdc15 allele were grown to mid-log phase, shifted to 36°C for 
3.75 h, and then released to permissive temperature (25°C). Samples were collected at the 
indicated times. Denatured lysates were analyzed by IB to detect the indicated proteins. 
Cell cycle progress was monitored by determining the binucleate and septation indices. 
(C) Representative images of the indicated strains arrested in G2. A single BF slice and 
max intensity z-projections of deconvolved GFP images are shown. Bar, 5 µm. 
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The Cdc15 IDR is important for normal cytokinesis dynamics and CR integrity 
 To better understand the defects observed in cdc15 IDR segment deletions, we 
measured the cytokinesis dynamics of mutants expressing spindle pole body (SPB) 
protein Sid4-mNG and CR protein Rlc1-mNG, which mark progression through mitosis 
and cytokinesis, respectively. As expected from the morphological analysis, the 
cytokinesis dynamics of cdc15-∆1 were like WT. In contrast, the CR of cdc15-∆2 cells 
took longer to constrict while cdc15-∆3 cells showed increased lengths of both CR 
maturation (defined as the time between CR assembly and constriction) and CR 
constriction (Figure 11A).  
 We were particularly interested in cytokinesis defects of cdc15-∆2 cells since 
segment 2 was the minimal IDR that supported viability (i.e. cdc15-∆1∆3 was viable; 
Figure 6E). Interestingly, the increased length of CR constriction in cdc15-∆2 mutants 
correlated with a loss of CR integrity upon constriction initiation and subsequent 
asymmetric deposition of cell wall material (Figure 11B). More precisely, the Rlc1-mNG 
signal in z-projections became asymmetric and accumulated at one point of the cell, 
appearing to collapse and lose circularity (Figure 11B; double arrowhead). Shortly after, 
septum formation was visible at the point(s) where the CR proteins remained (Figure 11B; 
yellow arrowheads). This was confirmed by imaging Rlc1-mCherry (mCh) to mark the 
CR and glucan synthase GFP-Bgs4 to mark the position of cell wall deposition in cells 
oriented vertically (Wang and Tran, 2014) (Figure 12A) and in the standard xy plane 
(Figure 13A). A Z-series of images of Rlc1-mCh and the membrane marker Acyl-GFP 
also provided a clear view of asymmetric furrowing in cdc15-∆2 cells (Figure 12B). The 
observation that the position of septum formation corresponded to the asymmetric 
localization of Rlc1 is consistent with a previous report that the CR or actin remnants of 
the CR locally stimulate cell wall synthesis (Zhou et al., 2015). Asymmetric septation has 
not been observed in any previously characterized Cdc15 mutant with defective 
membrane association or oligomerization, or reduced abundance (Huang et al., 2007; 
Arasada and Pollard, 2014; McDonald et al., 2015). Vice versa, the CR unraveling 
observed in the absence of both Cdc15’s and Imp2’s SH3 domains (Roberts-Galbraith et 
al., 2009) or the CR sliding observed in F-BAR oligomerization and membrane-binding 
mutants was not observed in cdc15-∆2 cells during time-lapse live-cell imaging (e.g., 
Figure 11B) nor did cdc15-∆2 cells have off-center septa (as measured by long-to-short 
cell ratio) (Figure 13B). These results suggest that the function of segment 2 is distinct 
from that of the F-BAR and SH3 domains.  
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Figure 11. Cdc15 deletions have cytokinesis defects. 
(A) Duration of cytokinesis stages determined from imaging as in F of strains expressing 
the indicated cdc15 allele plus rlc1-mNG and sid4-mNG to label the CR and SPB, 
respectively. Error bars are SD. *, p < 0.05 Student’s T-Test. (B) Representative time-
lapse series of the indicated strains. Images were acquired every 2 min. A single BF slice 
and max intensity z-projections of deconvolved mNG images are shown. Numbers 
indicate min from SPB separation. Bar, 5 µm. Double arrow indicates first frame when 
CR loses ring-like structure. Yellow arrowheads point out first and last frame with visible 
asymmetric septum deposition. 
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Figure 12. Characterizing the CR defect in cdc15-∆2. 
(A) End-on imaging of the indicated strains. Numbers indicate min elapsed since the start 
of the series. Bar, 5 µm. (B) Z-slices of two representative cells of the indicated genotype. 
The pink dashed lines mark the middle slice. Z-slices were taken every 0.2 µm through 
the volume of the cell. Fluorescence images are deconvolved. Bar, 5 µm.  
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Figure 13. Septum machinery and placement localize to equator. 
(A) Representative images of the indicated strains. Bar, 5 µm. (B) The ratio of short-to-
long daughter cell length as determined from cells of the indicated genotype that were 
fixed and stained with DAPI and Methyl Blue. Results are from two biological replicates 
with n > 87 cells per replicate. Average +/- standard deviation are indicated by black 
lines. 
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Cell wall enzymes are trafficked to the division site and active in cdc15-∆2 
 The septum is a trilaminar structure. The Bgs1-dependent primary septum is 
deposited first and sandwiched by secondary septa deposited by Bgs4 and Ags1; 
enzymatic digestion of the primary septum leads to daughter cell separation (reviewed in 
(Willet et al., 2015b; García Cortés et al., 2016; Perez et al., 2016). We have already 
demonstrated that Bgs4 is recruited to the division site (Figures 12A and 13A). However, 
the Cdc15 IDR has been implicated in the recruitment of Bgs1 (Arasada and Pollard, 
2014). Therefore, to test if cdc15-∆2 cells failed to adequately recruit Bgs1, we 
monitored GFP-Bgs1 localization in cdc15-∆2 cells. GFP-Bgs1 was recruited to the 
division site with similar temporal kinetics and abundance in WT and cdc15-∆2 (Figure 
14A). However, consistent with the asymmetric localization of GFP-Bgs4 (Figure 12A) 
and deposition of septum material (Figures 11B, 13), GFP-Bgs1 distribution was not 
always circumferential in cdc15-∆2 cells (Figure 14A). Taken together, these data 
indicate that cell wall synthesis is activated at the proper time but not necessarily in the 
proper location in cdc15-∆2. In fact, cdc15-∆2 was synthetic lethal with bgs1-ts/cps1-191 
(Figure 15B), indicating that robust cell wall deposition is crucial for division and 
viability of cdc15-∆2.  
 
CR composition is altered in cdc15-∆2 cells  
 The results described above indicate that the asymmetry of CR constriction in 
cdc15-∆2 is not due to a defect in septation per se but rather results from a CR-intrinsic 
defect that results in loss of a ring structure upon constriction onset and instead CR 
proteins remain at the division site as arcs or strands. Indeed, cdc15-∆2 mutants were 
sensitive to a low-dose of latrunculin A (Figure 15A), and were synthetically sick or 
lethal with numerous regulators of the actin cytoskeleton (Figure 15B), indicating lower 
tolerance to further perturbations of the CR. Therefore, we used fluorescence microscopy 
to screen actin binding proteins, actin regulators, Cdc15 binding partners, and other CR 
proteins for changes in their localization to the division site in cdc15-∆2 (Figure 15C). 
The calcineurin phosphatase, which comprises catalytic subunit Ppb1 and regulatory 
subunit Cnb1, has been found to regulate Cdc15 (Martin-Garcia et al., 2018). Also, the 
morphologies of cdc15-∆2 and ppb1∆ (Yoshida et al., 1994) are similar. This prompted 
us to examine Ppb1’s localization in cdc15-∆2. We found that Ppb1 was absent from the 
CR of cdc15-∆2 cells, but it localized normally in other cdc15 segment deletions (Figure 
16A). The localization of Ppb1 to the CR was previously found to depend on Pxl1 
(Martin-Garcia et al., 2018) and Pxl1 associates with Cdc15 by Co-IP (Pinar et al., 2008; 
Roberts-Galbraith et al., 2009). Given that Ppb1 was essentially absent from the CR, it 
was surprising to find that Pxl1 localized to the division site normally in cdc15-∆2 
(Figure 16B). This result suggests that Pxl1 is not sufficient for Ppb1 localization to the 
CR. 
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Figure 14. Cell wall synthases are properly trafficked in cdc15-∆2. 
(A) Representative time-lapse series of the indicated strains. Sum z-projections are shown. 
Images were acquired every 2 min. Numbers indicate min from SPB separation. Bar, 5 
µm. (B) Timing of GFP-Bgs1 arrival to the division site in the indicated strains also 
expressing Sid4-mNG and Rlc1-mCh. Error bars are SD. p = 0.67 Student’s T-test. (C) 
Average peak fluorescence of GFP-Bgs1 in the indicated strains also expressing Sid4-
mNG and Rlc1-mCh. Error bars are SD. p = 0.85 Student’s T-test. (D) Timing of Rlc1 (×) 
and Bgs1 (l) peak intensity relative to SPB separation for the indicated strains 
determined from strains imaged as in (A).  
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Figure 15. Genetic interactions and sensitivities of cdc15-∆2. 
(A) Growth assay comparing sensitivity of indicated strains to the indicated dose of 
latrunculin A (LatA). (B) Table of cdc15-∆2 genetic interactions. (C) List of proteins 
tested for CR localization in cdc15-∆2. 
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Figure 16. Calcineurin is not recruited to CR in cdc15-∆2. 
(A and B) Representative sum projections of the indicated strains. Bar, 5 µm.   
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Discussion 
It was unknown what protein feature(s) distinguish the essential Cdc15 from its 

nonessential paralog Imp2. Using domain-swapping experiments, we determined that the 
essential function of the F-BAR domain can be replaced by Imp2’s F-BAR domain as 
well as other human F-BAR domains, whereas Cdc15’s IDR is uniquely essential and 
cannot be replaced by that of Imp2. Deletions of segments of the IDR exhibit either 
lengthened periods of CR maturation and constriction or loss of CR integrity upon 
constriction onset resulting in asymmetric septum deposition (cdc15-∆3 and cdc15-∆2, 
respectively). Further, cdc15-∆2 cells lost CR localization of the calcineurin subunit Ppb1. 
This identifies a new function for the Cdc15 IDR in recruitment and/or maintenance of 
calcineurin at the CR and suggests that the CR defects in cdc15-∆2 may be due to global 
misregulation of CR components.  
 
The exchangeability of F-BAR domains 
 Five of the 15 F-BAR domains tested replaced the essential function of Cdc15’s 
F-BAR domain: the F-BAR domains of S. pombe Imp2 and human Gas7, PSTPIP1, 
PACSIN2/syndapin2, and Fer (Table 1). Given that the proteins in which these domains 
normally reside are involved in a variety of apparently unlinked functions and the F-BAR 
domains themselves have distinct biochemical characteristics and structures, we conclude 
that there is significant plasticity among F-BAR domains. This is perhaps not surprising 
since all F-BAR domains share the ability to interact electrostatically with negatively 
charged phospholipids and to oligomerize (Table 2) (Tsujita et al., 2006; Shimada et al., 
2010; Bai et al., 2012; Goh et al., 2012; Bai and Zheng, 2013; McDonald et al., 2015; 
McDonald and Gould, 2016; McDonald et al., 2016). Although there are reported 
differences among F-BAR proteins in phospholipid or curvature specificity, F-BAR 
domains themselves interact relatively non-specifically with negatively charged 
phospholipids, and it is only protein features adjacent to the F-BAR domain, such as the 
FX(C) domain (Itoh et al., 2009; Yamamoto et al., 2018), that convey phospholipid or 
curvature specificity to the core F-BAR domain (reviewed in (Itoh and De Camilli, 
2006)). Thus in the context of the full-length protein, an F-BAR domain acts as a module 
that concentrates the protein on membranes where other linked modules (e.g. SH3 
domains, RhoGAP domains) provide the bulk of specific functions.  

In terms of the F-BAR-Cdc15 chimeras that were not functional, multiple 
explanations can be imagined. In addition to the strong possibility that some fusion 
proteins were not structurally sound, some F-BAR domains bind directly to other proteins 
(Shoham et al., 2003; Hansen et al., 2011; Senju et al., 2011; Begonja et al., 2015; 
Garabedian et al., 2018; Liu et al., 2019), including Cdc15’s F-BAR domain that binds 
the formin Cdc12 (Willet et al., 2015a). Though it is possible that the non-functional F-
BAR-Cdc15 chimeras do not bind Cdc12, this seems an unlikely explanation since a 
mutant that disrupts the Cdc15-Cdc12 interaction is viable (Willet et al., 2015a). 
However, loss or gain of other protein partners or variations in oligomerization strategies 
might also be factors contributing to the lack of function of some chimeras (reviewed in 
(McDonald and Gould, 2016)).  
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Table 2. Characteristics of F-BAR domains that perform the essential function of 
Cdc15's F-BAR domain. 
 
F-BAR 
domain 

Lipid 
specificity 

Curvature 
preference 

Oligomerization mode Tubulatio
n 

Cdc15 PS, PIPs1 None1 Tip-to-tip à Linear*1 None1 

Imp2 
 

PS, PIPs2 None2 Tip-to-core à Helical2 Positive2 

Fer PI(4,5)P2, 
brain 

lipids$3 

None4 Lateral F-BAR contacts*1 None1,3 

 

Gas7 
 

n.s. n.s. n.s. None1 

PACSIN
2 

PS, brain 
lipids5-6 

n.s. Tip-to-tip àSpiral7; 
Wedge loop to lateral side of the F-BAR8 

Positive5-6,8 

PSTPIP1 PI(4,5)P2, 
brain lipids3 

n.s. n.s. Positive3 

PS, phosphatidylserine; PIPs, phosphorylated phosphatidylinositols; n.s., not studied 
*Based on homology model; $Brain lipids are enriched in PS and PIPs 
1- (McDonald et al., 2015), 2- (McDonald et al., 2016), 3- (Tsujita et al., 2006), 4- 
(Yamamoto et al., 2018), 5- (Goh et al., 2012), 6- (Shimada et al., 2010), 7- (Bai and 
Zheng, 2013), 8- (Bai et al., 2012) 
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IDRs in F-BAR proteins 

Our study revealed that like the F-BAR domain, Cdc15’s IDR is essential, but 
unlike the F-BAR domain, it cannot be replaced by that of its paralog Imp2. In other 
contexts as well, the functional specificity of F-BAR proteins must be considered as the 
combined effect of their F-BAR domains and adjacent protein regions, including globular 
domains and IDRs. The IDR of S. cerevisiae Hof1 mediates its localization to the CR and 
is important for CR contraction; it also binds septins (Meitinger et al., 2011; Meitinger et 
al., 2013; Oh et al., 2013). The IDR in FCHO2 binds and allosterically activates AP-2 
(Hollopeter et al., 2014; Umasankar et al., 2014). The IDR in FER undergoes a disorder-
to-order transition to convey a curvature sensing function (Yamamoto et al., 2018). In the 
case of Cdc15’s IDR, we found that it plays a key role in recruiting the phosphatase 
calcineurin. Calcineurin localization at the CR depends on the second region of Cdc15’s 
IDR (aa 503 to 677) and Pxl1 (Martin-Garcia et al., 2018), and determining how these 
two proteins collaborate for proper calcineurin localization will be an important next step. 
Cdc15-∆2 is dephosphorylated with timings similar to WT, which indicates that Cdc15’s 
role scaffolding calcineurin at the CR would be separate from its identity as a calcineurin 
substrate (Martin-Garcia et al., 2018), and furthermore that either other phosphatases are 
redundant with calcineurin or cytoplasmic calcineurin dephosphorylates Cdc15. Finally, 
since cdc15-∆3 also has cytokinesis defects, but is not required for calcineurin 
recruitment to the CR, it will be interesting to determine the other functions performed by 
Cdc15’s IDR.  
 
CR strands or fragments direct primary septum deposition 
 In cdc15-∆2, the CR appears to form normally and the glucan synthases are 
normally recruited, but upon constriction the CR loses its structure with Bgs1 then co-
localizing with the CR-protein strands/arc-like structures that remain. As a result, the 
septum is deposited—albeit inefficiently—from that point. These behaviors of the CR 
and Bgs1 in cdc15-∆2 cells are consistent with the idea that the primary purpose of the S. 
pombe CR may be to direct efficient cell wall deposition, which in turn provides the force 
for division (Proctor et al., 2012b; Stachowiak et al., 2014; Thiyagarajan et al., 2015; 
Willet et al., 2015b; Zhou et al., 2015). The CR has been previously proposed to direct 
vesicular traffic (Vjestica et al., 2008) and the co-localization of glucan synthases with 
CR remnants throughout constriction in cdc15-∆2 indicates that the CR is indeed a 
landmark for glucan synthase delivery. CR contraction force has also been proposed to 
mechanically stimulate glucan synthase activity (Zhou et al., 2015) and it is possible that 
the CR strands observed in cdc15-∆2 are contraction-competent. However, in the absence 
of all myosin-II activity (N-degron-myo2 myp2∆) primary septum is still deposited 
(Okada et al., 2019), suggesting that mechanostimulation is not required, although it 
could provide positive feedback.   

cdc15-∆2 is not the only mutant to display this type of CR behavior. A 
temperature-sensitive mutant of the essential myosin-II heavy chain myo2-E1 displays 
similar CR dynamics at its non-permissive temperature (Palani et al., 2017; Okada et al., 
2019). Additionally, a phosphomutant of the formin Cdc12 that prevents its 
phosphorylation by the SIN kinase Sid2 also has CRs that lose their ring structure during 
a cps1-191 arrest when otherwise WT CRs do not (Bohnert et al., 2013). Single time-
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point images of the CR and/or septum suggest similar CR behavior in other mutants, 
including temperature-sensitive cofilin adf1-1 (Nakano and Mabuchi, 2006b) and 
deletions of both acp1 that encodes actin capping protein (Kovar et al., 2005; Nakano and 
Mabuchi, 2006a) and fim1 that encodes the actin bundler fimbrin (Wu et al., 2001). 
Altogether it seems that perturbations in CR architecture destabilize the ring, resulting in 
nonconcentric and inefficient primary septum deposition. In cdc15-∆2, CR 
destabilization could be due to misregulation of multiple CR components due to loss of 
calcineurin at the division site.  
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CHAPTER 3 
 

CDK PHOSPHORYLATES S. POMBE PAXILLIN TO INHIBITS ITS CYTOKINETIC 
RING LOCALIZATION 

 
Abstract  

During the cell cycle, division of the genetic material and the cytoplasm are 
coordinated spatially and temporally to ensure genome integrity. This is mediated in part 
by the major cell cycle regulator cyclin-dependent kinase (CDK). CDK activity peaks 
during mitosis but then during mitotic exit/cytokinesis CDK activity is reduced and 
reversed by various phosphatases including Cdc14, PP1 and PP2A phosphatases. CDK 
has previously been shown to phosphorylate various components of the actin- and 
myosin-based cytokinetic ring (CR) that mediates division of yeast and animal cells. Here 
we establish that Schizosaccharomyces pombe CR-component paxillin Pxl1 is also 
regulated by CDK. Abolishing phosphorylation on CDK sites causes precocious 
recruitment of Pxl1 to the division site and increased duration of CR constriction. We 
determined that both the Cdc14 phosphatase Clp1 and the PP1 phosphatase Dis2 reverse 
Pxl1 phosphorylation. This study describes a novel S. pombe CDK substrate and also 
provides an example of multiple phosphatases collaborating to reverse CDK 
phosphorylation of a single protein during cytokinesis.  
 

Introduction  
Cytokinesis is the final stage of the cell cycle, during which daughter cells 

physically separate. Yeast and animal cells divide using a conserved actin- and myosin-
based contractile apparatus called the cytokinetic ring (CR) (Glotzer, 2017; Mangione 
and Gould, 2019) and substantial insight into the process has been gained from studying 
model organisms such as Schizosaccharomyces pombe (Bathe and Chang, 2010; Pollard 
and Wu, 2010b; Willet et al., 2015b). Multiple forward genetic screens identified 
essential and non-essential proteins for cytokinesis, which include both CR structural 
components and regulatory proteins (Nurse et al., 1976; Minet et al., 1979; Chang et al., 
1996; Balasubramanian et al., 1998; Kim et al., 2010; Hayles et al., 2013; Chen et al., 
2015; Chen et al., 2016), many of which are conserved in the budding yeast S. cerevisiae 
and metazoan cells (reviewed in (Pollard and Wu, 2010b)). Subsequent fluorescence 
imaging studies determined the timing of cytokinesis events relative to the events of 
mitosis in S. pombe (Wu et al., 2003; Wu and Pollard, 2005; Wu et al., 2006). The CR 
assembles during metaphase from clusters of early cytokinetic proteins called 
“cytokinesis nodes.” Nodes are organized by the anillin-like protein Mid1 (Sohrmann et 
al., 1996; Paoletti and Chang, 2000; Wu et al., 2003; Rincon and Paoletti, 2012). They 
contain type-II myosin heavy chain Myo2 (Kitayama et al., 1997; May et al., 1997) and 
its light chains Rlc1 (Le Goff et al., 2000; Naqvi et al., 2000) and Cdc4 (McCollum et al., 
1995), IQGAP actin bundling protein Rng2 (Eng et al., 1998; Takaine et al., 2009; 
Padmanabhan et al., 2011; Tebbs and Pollard, 2013), the F-BAR protein Cdc15 
(Fankhauser et al., 1995; Wachtler et al., 2006), and the formin Cdc12 (Chang et al., 
1997). Cdc12 nucleates and elongates F-actin from nodes that eventually coalesces into 
the CR (Kovar et al., 2003; Laporte et al., 2011; Zimmermann et al., 2017). The CR then 
undergoes a maturation period during which it accumulates more components such as 



 
 

39 

type-II myosin heavy chain Myp2 (Bezanilla et al., 1997; Motegi et al., 1997), the F-
BAR protein Imp2 (Demeter and Sazer, 1998), and cell wall regulators Fic1 (Roberts-
Galbraith et al., 2009), Pxl1 (Pinar et al., 2008; Cortes et al., 2015; Ren et al., 2015), and 
Rgf3 (Tajadura et al., 2004; Morrell-Falvey et al., 2005; Ren et al., 2015). Then, the CR 
constricts to bring together opposing membranes behind which a cell wall structure called 
the “septum” is deposited. The septum is trilaminar with a primary septum sandwiched 
by two secondary septa. Digestion of the primary septum leads to liberation of the two 
daughter cells (reviewed in (Willet et al., 2015b; García Cortés et al., 2016; Perez et al., 
2016)).  

These events are carefully regulated spatially and temporally to protect genomic 
integrity and ensure cytokinetic success. This is accomplished in part by the major cell 
cycle regulator cyclin-dependent kinase (CDK). High levels of CDK activity promote 
mitosis while inhibiting cytokinesis (Wheatley et al., 1997) (reviewed in (Wolf et al., 
2007)). CDK inhibition and simultaneous reversal of CDK phosphorylation by opposing 
phosphatases (Stegmeier and Amon, 2004; Clifford et al., 2008a; Wu et al., 2009; Bloom 
et al., 2011; Wurzenberger and Gerlich, 2011; Grallert et al., 2015; Kuilman et al., 2015) 
are required for the events of mitotic exit, which includes anaphase and cytokinesis. In 
yeasts, multiple cytokinetic proteins have been identified as substrates of CDK including 
S. pombe formin Cdc12 (Willet et al., 2018), S. cerevisiae IQGAP protein Iqg1 (Holt et 
al., 2009; Naylor and Morgan, 2014), and S. cerevisiae C2 domain protein Inn1/Fic1 
(Palani et al., 2012; Kuilman et al., 2015). Multiple large-scale proteomics studies have 
determined that Pxl1 is phosphorylated (Koch et al., 2011; Carpy et al., 2014; Kettenbach 
et al., 2015; Swaffer et al., 2016, 2018) and indicated that Pxl1 is a CDK substrate 
(Swaffer et al., 2016). 

Although not essential, pxl1∆ have severe cytokinesis defects with CR sliding and 
splitting during anaphase (Ge and Balasubramanian, 2008; Pinar et al., 2008). Pxl1 
arrives to the CR during maturation (Ren et al., 2015). It binds the F-BAR protein Cdc15 
(Roberts-Galbraith et al., 2009), and the presence of Cdc15’s SH3 domain is important 
for its assembly into the CR throughout cytokinesis (Martin-Garcia et al., 2018). The N-
terminus of Pxl1 is important for its CR localization (Pinar et al., 2008) while its C-
terminus comprises three tandem LIM domains that are important for its function (Figure 
19A) (Ge and Balasubramanian, 2008; Pinar et al., 2008). Pxl1 is a negative regulator of 
Rho1 GTPase (Pinar et al., 2008), which is important for promoting cell wall deposition 
at the division site (Arellano et al., 1996; Nakano et al., 1997). The mechanism that 
dictates timing of Pxl1 arrival at the division site is unknown, as is whether Pxl1 activity 
itself is regulated. Here we confirm that Pxl1 is indeed a CDK substrate and characterize 
how CDK phosphorylation impacts Pxl1 activity.   
 

Results  
 
Pxl1 is phosphorylated in a cell cycle dependent manner 
 As reported previously, we observed that HA-Pxl1 levels fluctuate throughout the 
cell cycle (Figure 17A) (Ge and Balasubramanian, 2008; Pinar et al., 2008). Also, we 
noted that HA-Pxl1 migration by SDS-PAGE varies throughout mitosis/cytokinesis, with 
a notable retardation 30 minutes after release from a G2 arrest that is reversed by 60 
minutes after release (Figure 17A). Consistent with the findings of several 
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phosphoproteomic screens, treatment with lambda protein phosphatase collapsed 
immunoprecipitated HA-Pxl1 to a single distinct band, indicating that these changes in 
migration are due to changes in phosphorylation (Figure 17B).  
 
Pxl1 is phosphorylated by cyclin-dependent kinase 
 Previous studies and our own analysis of purified Pxl1 identified multiple 
phosphorylation sites on Pxl1, many of which match the CDK minimal consensus 
sequence of [S/T]P (Table 3 and Figure 18) (Koch et al., 2011; Carpy et al., 2014; 
Kettenbach et al., 2015; Swaffer et al., 2016, 2018). Therefore, we tested if Cdc2-Cdc13 
(active CDK) could phosphorylate recombinant MBP-Pxl1. CDK phosphorylated both an 
N-terminal fragment (N) and full-length Pxl1 (FL), but not a C-terminal fragment (C) 
(Figure 19A-B). These results were expected because all of the identified [S/T]P 
phosphorylation sites reside in the N-terminus of Pxl1 (Figure 19A). Phospho-amino acid 
analysis indicated that CDK phosphorylates both serines and threonines in MBP-FL and 
MBP-N (Figure 20A), and comparison of the tryptic phosphopeptide maps of MBP-FL 
and MBP-N confirmed that all phosphorylation sites reside in the N-terminus of Pxl1 
(Figure 20B).   
   Mutating all nine of the CDK sites in the N-terminus of Pxl1 to alanine 
abolished Pxl1 phosphorylation by CDK in vitro (Figure 19C). To determine the 
consequence of Pxl1 phosphorylation on these sites, we replaced pxl1+ with alleles 
encoding HA-tagged pxl1 phosphomutants: all nine residues matching the [S/T]P 
consensus sequence were mutated to alanine (9A) or aspartic acid (9D) to ablate or mimic 
phosphorylation, respectively. Unlike the migration of HA-Pxl1, HA-Pxl1(9A) and HA-
Pxl1(9D) migrated as single bands on SDS-PAGE. Furthermore, HA-Pxl1(9D) migrated 
more slowly than HA-Pxl1(9A), which co-migrated with dephosphorylated HA-Pxl1 
(Figure 21A). While treatment of HA-Pxl1 with lambda protein phosphatase collapsed 
the protein smear into one band, the migrations of HA-Pxl1(9A) and HA-Pxl1(9D) were 
unaltered by the treatment. We also monitored the phosphomutant protein throughout the 
cell cycle (Figure 21B) and did not observe any changes in protein migration as the cells 
progress from G2 through mitosis and cytokinesis, indicating that the majority of Pxl1 
phosphorylation was eliminated in the 9A and 9D mutants. 
 Immunoblotting suggested that HA-Pxl1(9A) protein levels were increased 
compared to HA-Pxl1 and HA-Pxl1(9D). Therefore, we compared the whole-cell 
fluorescence intensities of Pxl1 wildtype and phosphomutants tagged at the N-terminus 
with mNeonGreen (mNG) (Shaner et al., 2013; Willet et al., 2015a). mNG-Pxl1(9A) 
whole-cell fluorescence intensity was increased ~2-fold compared to mNG-Pxl1 and 
mNG-Pxl1(9D), with a proportional increase in the amount of mNG-Pxl1(9A) in the CR 
(Figure 22A-C).  
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Figure 17. Pxl1 phosphorylation changes throughout the cell cycle. 
cdc25-22 pxl1::kanR leu1:HA-pxl1 cells were grown to mid log phase, shifted to 36°C for 
4 h, and then released to permissive temperature (25°C). Samples were collected at the 
indicated times. Denatured protein extracts (A) and immunoprecipitation(IP)-phosphatase 
(pptase) samples (B) were separated by SDS-PAGE and analyzed by immunoblot 
analysis with HA and tubulin antibodies. Completion of mitosis was determined by 
monitoring binucleate formation and septation index. Asterisks indicate background 
bands and the bracket in asynchronous (asy.) samples indicate HA-Pxl1. 
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Table 3. Identification of [S/T]P phosphorylation sites in the Pxl1 N-terminus. 
 
1- (Carpy et al., 2014), 2- (Kettenbach et al., 2015), 3- (Koch et al., 2011), 4- (Swaffer et 
al., 2016), 5- (Swaffer et al., 2018) 
 

[S/T]P 
Site 

Spectral count from MS 
analysis of GFP-Pxl1 

purification  

Identified in 
these other 

studies 
S3 Not detected 2, 4, 5 
S24 6 2, 5 
S31 15 2, 5 
T55 12 2, 5 
T64 33 2, 5 
S67 142 1, 2, 5 
S97 7 1, 2, 3, 5 
S136 8 n.a. 
T214 Not detected n.a. 
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Figure 18. Mass spectra of a representative phosphopeptide from each of the 
identified CDK phosphorylation sites on Pxl. 
These mass spectra were extracted from Scaffold PTM with matched b and y ions 
highlighted in red and blue, respectively. Ions resulting from neutral loss are highlighted 
in green. For most of the phosphorylation sites, both MS/MS (MS2) and MS/MS/MS 
(MS3, i.e. further MS/MS fragmentation of the ion which results from the neutral loss of 
phosphate of the parent ion during MS2 scan) spectra were acquired. In these cases, only 
MS2 spectra are shown here. Sp/Tp: phosphorylated serine/threonine. 
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Figure 19. Pxl1 is phosphorylated by CDK. 
A) To-scale schematics of Pxl1 full-length (FL) and N- and C-terminal fragments used in 
B and C. Numbers indicate amino acid positions. Asterisks indicate PXXP motifs. LIM 
domains are shown as gray ovals. Black lines indicate the 9 sites in the N-terminus that 
match the [S/T]P consensus sequence and are mutated in Pxl1(9A) or Pxl1(9D). B) In 
vitro kinase assays using active (A) or dead (D) CDK, the indicated substrate, and 
radiolabeled ATP were separated by SDS-PAGE, transferred to PVDF, stained with 
Revert Total Protein Stain, and then exposed to film (Autorad). C) In vitro kinase assays 
using active CDK, the indicated substrate, and radiolabeled ATP were separated by SDS-
PAGE, transferred to PVDF, stained with Coomassie to visualize total protein, and then 
exposed to film (Autorad). 
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Figure 20. The Pxl1 N-terminus is phosphorylated by CDK on Thr and Ser. 
A) Phospho-amino acid analysis of Pxl1 phosphorylated by CDK. B) Tryptic peptide 
mapping of Pxl1 full-length (FL) and N-terminal (N) fragments phosphorylated by CDK. 
Reactions were run individually and mixed. 
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Figure 21. CDK phosphomutants abolish Pxl1 phosphorylation in vivo. 
A) Lysates from the indicated strains (left) and subsequent IP-pptase (right) were 
separated by SDS-PAGE and immunoblotted for indicated proteins. Asterisks indicate 
background bands. B) Cells of the indicated genotype were grown to mid log phase, 
shifted to 36°C for 4 h, and then released to permissive temperature (25°C). Samples 
were collected at the indicated times. Denatured protein extracts were separated by SDS-
PAGE and analyzed by immunoblot analysis with HA antibody. Completion of mitosis 
was determined by monitoring binucleate formation and septation index. Asterisks 
indicate background bands. 
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Figure 22. Phosphoablated Pxl1 mutant has increased protein abundance. 
A) Sum projections (mNG) or brightfield (BF) representative images of the indicated 
strains. Scale bars are 5 µm. B) Average CR and whole cell (WC) intensity of the 
indicated proteins. Error bars are SD. C) Ratio of average CR and average WC intensity 
from the data collected in C.  
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Phosphorylation regulates the timing of Pxl1 localization to the CR 
 CDK phosphorylation of S. pombe formin Cdc12 (Willet et al., 2018), S. 
cerevisiae IQGAP Iqg1 (Naylor and Morgan, 2014), and S. cerevisiae C2 domain protein 
Inn1 (Palani et al., 2012; Kuilman et al., 2015) temporally regulates their recruitment to 
the CR. Therefore, we imaged mNG-Pxl1, mNG-Pxl1(9A), and mNG-Pxl1(9D) in cells 
that also produced Sid4-mNG, a spindle pole body (SPB) marker for monitoring 
progression through mitosis. We performed time-lapse imaging of these cells to 
determine when mNG-Pxl1 arrived at the division site relative to SPB separation (Figure 
23A-B). mNG-Pxl1(9A) arrived earlier (14.7 +/- 5.2 min; 47 cells) than either mNG-Pxl1 

(19.0 +/- 3.4 min; 31 cells) or mNG-Pxl1(9D) (19.9 +/- 3.1 min; 27 cells). Thus 
abolishing phosphorylation on Pxl1 results in its early localization to the CR.   
 
Loss of Pxl1 phosphorylation alters cytokinesis timings 
 We next asked whether early recruitment to the CR and increased amount of Pxl1 
at the CR affected cytokinesis dynamics. To do this we performed time-lapse imaging of 
cells producing Sid4-mNG and the CR marker Rlc1-mNG in pxl1+ (wt), pxl1(9A), and 
pxl1(9D) (Figure 24A). Then, we quantified the duration of CR formation (i.e., the period 
from SPB separation to CR formation), maturation (i.e., the period between formation 
and constriction), and constriction (Figure 24B, left). While there were no significant 
differences in the durations of formation and maturation, constriction took longer in 
pxl1(9A) compared to pxl1+ and pxl1(9D) (Figure 24B, right). This suggests that 
phosphorylation delays Pxl1 until the proper time, and that early recruitment has negative 
downstream consequences on the efficiency of cytokinesis.   
 
pxl1 phosphomutants have synthetic growth defects with rgf3 mutants  
 Consistent with Pxl1 being a negative regulator of Rho signaling at the division 
site (i.e. opposing Rho activation by Rgf3) (Pinar et al., 2008), pxl1∆ suppresses the 
temperature-sensitivity of the rgf3 mutant ehs2-1 (Morrell-Falvey et al., 2005). Given 
that phosphorylation appears to inhibit Pxl1 (i.e. loss of phosphorylation results in earlier 
and more Pxl1 at the CR), we hypothesized that pxl1(9D)—for which we had not yet 
identified a phenotype—might suppress an rgf3 mutant similar to pxl1∆ while pxl1(9A) 
would show a negative interaction. As predicted, pxl1(9A) was synthetically sick with 
lad1-1 but pxl1(9D) did not suppress this rgf3 mutant (Figure 25). While this result is 
consistent with phosphorylation inhibiting Pxl1, it also indicates that pxl1(9D) is likely 
not a true phosphomimetic.    
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Figure 23. Loss of CDK phosphorylation leads to early recruitment of Pxl1 to the 
CR. 
A) Representative montages of single cells taken from time-lapse fluorescence imaging 
of the indicated strains. Images were acquired every 2 min and every other time point is 
shown. Time 0 is set as the first frame with 2 SPBs (not shown). B) Graph of average 
time between SPB separation to division site localization of the indicated Pxl1 proteins. 
**** p < 0.0001, One-way ANOVA with multiple comparisons to wt. Error bars are SD. 
Scale bars are 5 µm. 
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Figure 24. Cells with abolished Pxl1 phosphorylation have increased duration of 
constriction. 
A) Representative fluorescence (mNG) or BF montages of single cells taken from time-
lapse imaging of the indicated strains. Images were acquired every 2 min and every other 
time point is shown. Time 0 is set as the first frame with 2 SPBs. Scale bar is 5 µm. B) 
Graph of average duration of the indicated cell cycle stages (left), with the duration of 
constriction shown alone on the right graph. **** p < 0.0001, Two-way ANOVA with 
Tukey correction and multiple comparisons to wt. Error bars are SD. 
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Figure 25. pxl1 and rgf3 have synthetic growth defects. 
Serial growth assay of the indicated strains grown at the indicated temperatures for four 
days.  
 
 
Cdc14 phosphatase Clp1 and PP1 phosphatase Dis2, but not calcineurin, regulate Pxl1 
dephosphorylation  
 While Pxl1 is rapidly phosphorylated as cells enter mitosis, it is also rapidly 
dephosphorylated during anaphase (Figure 17). We wanted to know which phosphatase(s) 
regulates Pxl1 dephosphorylation. The Cdc14 phosphatase Clp1 opposes CDK activity by 
removing phosphorylation from [S/T]P sites (Clifford et al., 2008b; Chen et al., 2013). 
Consistent with Clp1 regulating Pxl1 dephosphorylation, the slower migrating bands 
corresponding to phosphorylated Pxl1 were increased in clp1∆ compared to clp1+ (Figure 
26A).  
 Pxl1 is important for recruitment of the phosphatase calcineurin to the mature CR 
(Martin-Garcia et al., 2018). To test if Pxl1 is itself a substrate of calcineurin, we released 
cells from a G2 arrest for 30 minutes and then treated with calcineurin inhibitor FK506 to 
test if this prevented Pxl1 dephosphorylation, but it did not (Figure 26B). This indicates 
that Pxl1 is not a substrate of calcineurin, despite its requirement for recruiting 
calcineurin to the division site.  

Lastly, searching the ELM database (Gouw et al., 2018) for linear motifs in Pxl1 
that could provide insight into its regulation and/or function identified a protein 
phosphatase 1 catalytic subunit (PP1c) interacting motif (Egloff et al., 1997; Aggen et al., 
2000) at amino acids 78-84. Furthermore, the catalytic subunit of S. pombe PP1 Dis2 was 
pulled-down in a GFP-TRAP experiment of lysates from cells producing GFP-Pxl1 and 
blocked in prometaphase by nda3-KM311 arrest (Table 4). Pxl1 phosphorylation in 
lysates from dis2∆ was increased, similar to what was observed in clp1∆ cells (Figure 
26C), consistent with PP1 regulating Pxl1 dephosphorylation. 
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Figure 26. Pxl1 is regulated by the Cdc14 and PP1 phosphatases, but not by 
calcineurin. 
A) Denatured lysates (left) and IP (right) samples separated by SDS-PAGE and 
immunoblotted for indicated proteins. B) Cells of the indicated genotype were grown to 
mid log phase, shifted to 36°C for 4 h, and then released to permissive temperature 
(25°C). The calcineurin inhibitor FK506 or DMSO control was added to cell cultures at 
30 minutes after release from G2 arrest. Samples were collected at the indicated times. 
Denatured protein extracts (top) and IP (bottom) were separated by SDS-PAGE and 
analyzed by immunoblot analysis with HA antibody. Completion of mitosis was 
determined by monitoring binucleate formation and septation index. C) Denatured lysates 
separated by SDS-PAGE and immunoblotted for indicated proteins.   



 
 

53 

 
 
Table 4. Selected proteins that were pulled down by GFP-Pxl1 from prometaphase-
arrested cells. 
 

Protein Exclusive 
spectrum count 

% Sequence 
coverage 

Molecular 
weight (kD) 

Pxl1 887 98.6 49.0 
Cdc15 310 68.2 102.1 
Dis2 219 89.6 37.6 

 
 

Discussion 
Here we confirmed the results of several large scale phosphoproteomics studies 

that CDK phosphorylates Pxl1. Analysis of mutants that ablate CDK phosphorylation 
indicate that Pxl1 localization to the CR is inhibited by phosphorylation. Further 
supporting a gain-of-function phenotype, pxl1 phosphoablating mutants had increased 
constriction duration and they had negative genetic interactions with a mutant of rgf3, 
which encodes the essential RhoGEF that positively regulates Rho1 GTPase activity 
(Arellano et al., 1996; Tajadura et al., 2004; Morrell-Falvey et al., 2005; Ren et al., 2015). 
Although pxl1 phosphoablating mutants had essentially wildtype morphology, this is 
consistent with the idea that CDK has many substrates and that multiple redundant 
mechanisms exist to regulate the timing of cytokinesis.  

It will be interesting to determine the mechanism by which phosphorylation 
inhibits Pxl1 recruitment to the CR. The N-terminus of Pxl1 is the site of CDK 
phosphorylation and it also contains CR targeting information (Pinar et al., 2008), so one 
conspicuous hypothesis is that phosphorylation prevents binding to a Pxl1 protein partner. 
Candidates include the SH3 domain of the F-BAR protein Cdc15 (Roberts-Galbraith et 
al., 2009), the F-BAR protein Rga7 (Martin-Garcia et al., 2014), myosin-II light chain 
Rlc1 (Pinar et al., 2008), or plasma membrane-CR linker Sbg1 (Sethi et al., 2016). 
Phosphorylation could directly inhibit the interaction, promote a conformational change 
that obscures or changes the interaction site on Pxl1, or generate a novel interaction site 
for phospho-peptide modules such as 14-3-3 proteins that regulates Pxl1 function. 

We also identified two phosphatases that regulate Pxl1 dephosphorylation: the 
Cdc14 phosphatase Clp1 and the PP1 phosphatase Dis2. Both Cdc14 and PP1 
phosphatases have been implicated in reversing CDK phosphorylation and promoting 
mitotic exit (Stegmeier and Amon, 2004; Clifford et al., 2008a; Clifford et al., 2008b; De 
Wulf et al., 2009; Wu et al., 2009; Mocciaro and Schiebel, 2010; Bloom et al., 2011; 
Bouchoux and Uhlmann, 2011; Wurzenberger and Gerlich, 2011; Palani et al., 2012; 
Grallert et al., 2015; Kuilman et al., 2015; Orii et al., 2016). Additional phosphatases are 
implicated in mitotic exit in S. pombe and metazoans including PP2A (Cundell et al., 
2013; Grallert et al., 2015; Wlodarchak and Xing, 2016) and calcineurin/PP2B (Yoshida 
et al., 1994; Mochida and Hunt, 2007; Nishiyama et al., 2007; Martin-Garcia et al., 2018). 
We tested if calcineurin could also regulate Pxl1 phosphorylation because Pxl1 has been 
shown to mediate recruitment of the calcineurin catalytic subunit Ppb1 to the CR 
(Martin-Garcia et al., 2018). Interestingly, calcineurin does not seem to be a major 
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regulator of Pxl1 phosphorylation. Combining this with our previous finding that Pxl1 is 
not sufficient to recruit Ppb1 (Chapter 2, Figure 16) provides compelling evidence that 
the Pxl1-Ppb1 interaction is more complex. It’s not clear whether the Pxl1-Ppb1 
interaction is indirect or part of a multi-protein complex, or if Ppb1 recruitment is 
downstream of Pxl1-influenced signaling. Determining what other CR components are 
absent or mis-regulated in ppb1∆ will be an important next step to teasing apart this 
interaction. 

Still, Pxl1 is a CDK substrate that is regulated by multiple phosphatases. Pxl1 
phosphostatus changes when either phosphatase is deleted indicating they act on Pxl1 
non-redundantly. By detailed analysis of Pxl1 phosphorylation, we can gain insight into 
whether Clp1 and Dis2 act simultaneously or sequentially, what residues are modified by 
each phosphatase and if they overlap, and if there are any differences between complete 
and partial de-phosphorylation of Pxl1. Inconveniently for these studies, we suspect that 
the pxl1(9D) is not a true phosphomimetic since pxl1(9D) had a mild growth defect with 
rgf3 mutants, while previously pxl1∆ was shown to rescue the growth defect of rgf3 
(Pinar et al., 2008). However, perhaps by preventing phosphatase interaction with Pxl1 
(i.e. by mutating docking motifs), we can force Pxl1 hyper-phosphorylation in an 
otherwise wildtype setting and test how this alters Pxl1 behavior and cytokinesis. 
Through studies of Pxl1, we will gain insight into how CDK-counteracting phosphatases 
collaborate to regulate mitotic exit and cytokinesis in eukaryotic cells. 
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CHAPTER 4 
 

PHOSPHORYLATION OF THE F-BAR PROTEIN CDC15 BY THE DYRK-FAMILY 
KINASE POM1 PREVENTS DIVISION AT CELL TIPS BY INHIBITING CDC15 

SCAFFOLD FUNCTION 
 

Abstract 
In many organisms, positive and negative signals cooperate to position the 

contractile ring (CR) for cytokinesis. In the rod-shaped fission yeast 
Schizosaccharomyces pombe, symmetric division is achieved at mid-cell through 
anillin/Mid1-dependent positive cues released from the central nucleus and negative 
signals from the DYRK-family polarity kinase Pom1 at cell tips. The F-BAR protein 
Cdc15, a major scaffold of the CR, has been implicated as a Pom1 substrate important for 
preventing CR placement at cell tips. Here we test this hypothesis by mapping and 
mutating the full cohort of twenty-two Pom1 phosphorylation sites on Cdc15 and 
characterizing the behavior of the resultant Cdc15 phosphomutants. Although a Cdc15 
mutant that ablates phosphorylation on Pom1 sites results in faster cytokinesis and early 
division site recruitment of Cdc15 and another CR component myosin light chain Rlc1, it 
does not cause tip division—even when Mid1/anillin-dependent signaling is disrupted. 
On the other hand, a Cdc15 phosphomimetic partially suppresses division at cell tips in 
cells with disruption of both Mid1 and Pom1 signaling. Additionally, deletion of Cdc15 
binding partners Fic1, Pxl1, and Cyk3 partially suppresses division at cell tips. 
Furthermore, Pom1 phosphorylation of Cdc15 directly inhibits binding to Pxl1 in vitro, 
which is mediated by a novel collaboration between Cdc15’s disordered region and SH3 
domain. Our data are consistent with a model in which the dephosphorylation of Cdc15 is 
necessary but not sufficient for CR formation in fission yeast, and indicate that one 
mechanism by which Pom1 inhibits cytokinesis at cell tips is via direct Cdc15 
phosphorylation. 
 

Introduction 
 The position of the cell division site is crucial for both cellular function and 
integrity. Studies in prokaryotic and eukaryotic systems revealed two major positioning 
systems: local positive signals and distal inhibitory ones (Oliferenko et al., 2009). In rod-
shaped bacteria, the division plane is positioned mainly via inhibitory signals arising 
from the cell poles and the nucleoids, leaving only the cell middle as permissive for ring 
assembly (Almonacid and Paoletti, 2010). In animal cells, the mitotic spindle positions 
the division site by conferring both positive signals to the medial cortex and distal 
relaxation signals (Eggert et al., 2006b; Glotzer, 2017).  

Stimulatory and inhibitory mechanisms for division site positioning have also 
been described in the fission yeast Schizosaccharomyces pombe (Rincon and Paoletti, 
2012). Like animal cells, S. pombe cells use an actomyosin contractile ring (CR) for 
division, which is assembled at mid-cell for symmetric division. CR placement in S. 
pombe is positively regulated by the position of the nucleus (Daga and Chang, 2005; 
Tolic-Norrelykke et al., 2005), which is centered in the cell by microtubule pushing 
forces (Tran et al., 2001). The positive CR placement cue is provided by the anillin-like 
Mid1 that shuttles in and out of the nucleus during interphase and localizes to overlying 
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cortical nodes, which are early precursors of the CR (Chang et al., 1996; Sohrmann et al., 
1996; Paoletti and Chang, 2000). Cortical nodes are restricted to mid-cell by negative 
signals at the cell tips that depend on the DYRK-family Pom1 kinase, which is 
transported to cell tips on microtubules by the Tea1/Tea4 complex  (Padte et al., 2006; 
Hachet and Simanis, 2008) (Martin et al., 2005; Celton-Morizur et al., 2006).  
 At mitotic entry, equatorial Mid1-containing nodes mature into cytokinetic nodes, 
recruiting CR proteins such as myosin II Myo2, the F-BAR protein Cdc15 and the formin 
Cdc12 (Laporte et al., 2011; Akamatsu et al., 2014). Node-anchored Cdc12 nucleates F-
actin that is bound by myosin-II, which pulls on F-actin and thus can pull neighboring 
nodes closer together until they coalesce into a ring (Vavylonis et al., 2008; Zimmermann 
et al., 2017). In the absence of mid1, although cells remain competent for division, the 
CR forms late and appears to condense either from strands of cytokinetic proteins 
scattered over the cortex or from a single location rather than from nodes (Huang et al., 
2008; Roberts-Galbraith and Gould, 2008; Saha and Pollard, 2012). In these cells, CR 
orientation and placement is aberrant, leading to oblique, frequently off-center CRs 
relative to the long axis of the cell (Chang et al., 1996; Sohrmann et al., 1996). However, 
inhibitory signals arising from the cell tips remain in place to prevent the assembly of the 
cytokinesis apparatus at the cell tips, such that division is restricted to the medial portion 
of the cell(Huang et al., 2007)]. The mid1-independent inhibitory cell end signals require 
the Tea1/Tea4 complex and the Pom1 kinase. Indeed, deletion of any of these cell end 
factors is synthetic lethal with mid1∆, and double mutants form septa at cell ends(Huang 
et al., 2007).  

Because a cdc15-GFP allele blocked tip septation in tea1∆ mid1-18 double 
mutants (Huang et al., 2007), it was hypothesized that the F-BAR protein Cdc15 could be 
a target of this so-called “tip occlusion pathway.” Cdc15 is an abundant (Wu and Pollard, 
2005) and essential component of the CR (Fankhauser et al., 1995). It has an N-terminal 
F-BAR domain that oligomerizes and binds membranes and the formin Cdc12 (Carnahan 
and Gould, 2003; McDonald et al., 2015; Willet et al., 2015a), and a C-terminal SH3 
domain that binds multiple CR components (e.g. paxillin Pxl1, the C2 domain protein 
Fic1) and stabilizes the CR during anaphase (Roberts-Galbraith et al., 2009; Arasada and 
Pollard, 2014; Ren et al., 2015). Cdc15 activity is under strong cell cycle-dependent 
phospho-regulation: it is phosphorylated during G2 phase on many sites (>35) and hypo-
phosphorylated during cytokinesis to allow its oligomerization, membrane binding and 
CR scaffolding activities (Fankhauser et al., 1995; Roberts-Galbraith et al., 2010). 
Phosphoproteomic screens implicated Cdc15 as a target of Pom1 and the MARK/PAR-1 
family kinase Kin1 to influence CR stability but whether Pom1-mediated Cdc15 
phosphorylation is important to prevent CRs forming at cell tips has not been 
determined(Kettenbach et al., 2015; Lee et al., 2018). In this study, we show that Pom1 
directly phosphorylates Cdc15 on up to twenty-two sites and antagonizes Cdc15 function. 
Furthermore, mimicking Pom1 phosphorylation on Cdc15 partially rescues the formation 
of tip septa in cells that lack both positive Mid1 cues and Pom1 signaling. Thus, Pom1 
kinase activity provides negative signal at cell poles and promotes medial septation in 
part through local inhibition of Cdc15. 
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Results 
 
Pom1 kinase activity is required to prevent division septum assembly at cell tips 

To investigate whether the signals for tip occlusion require Pom1 kinase activity, 
we used the conditional allele pom1(T778G) (pom1as) to specifically inhibit kinase 
activity with 3MB-PP1(Padte et al., 2006) (Bhatia et al., 2014), and we introduced this 
allele into mid1Δ cells (Chang et al., 1996; Sohrmann et al., 1996), which have misplaced 
and/or tilted septa and a very small percentage of tip septa (Huang et al., 2007). After 2 
hours of treatment with 3MB-PP1, we observed tip septation in almost all pom1as1 mid1Δ 
cells (Figure 27A-B). Tip septa were of three types (Figure 27C): 1) one or two septa at 
the very cell ends; 2) septa anchored at both cell ends and spanning the long cell axis; 3) 
septa anchored at one cell end. The percentage of cells with tip septa in the pom1as1 

mid1Δ double mutant increased with time (Figure 27D), with >95% of cells showing tip 
septa after a 2 hour incubation with 1µM 3MB-PP1. These phenotypes were not observed 
in either single mutant or in the double mutant treated with vehicle (Figure 27A-B). 
Collectively, these experiments suggest that among Tea1, Tea4, and Pom1 implicated in 
tip occlusion (Huang et al., 2007), the specific signals that prevent formation of division 
septa at cell tips arise from Pom1 kinase activity.  
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Figure 27. Pom1 kinase activity is required to inhibit tip septa. 
A) Representative images of cells of the indicated genotype that were grown to log-phase 
at 32°C and then treated for 2 hours with either DMSO or 3MB-PP1 to inhibit analog-
sensitive Pom1. Cells were fixed in 70% ethanol at 4°C and then stained with Calcofluor 
White. Scale bar is 5 µm. B) Quantification of tip septa phenotype from images acquired 
as in A. Graph is average of three replicates. C) Schematic and representative images of 
types of tip septa. Scale bar is 5 µm. D) Time-course of tip septa appearance when cells 
of the indicated genotype were treated with 3MB-PP1 and grown at 32°C. Samples were 
prepared as described in A. 
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Pom1 can phosphorylate Cdc15 on 22 sites 
C-terminal tagging of Cdc15 with GFP (cdc15-gc1) prevented tip septa formation 

in mid1-18 tea1Δ cells suggesting that this allele is hypomorphic and that inhibition of 
Cdc15 function is required for tip occlusion (Huang et al., 2007). We found that the 
cdc15-gc1 allele also prevented tip septation in the pom1as1 mid1Δ double mutant (Figure 
28A). 

Given this result and knowing that Cdc15 is phosphorylated on many sites during 
interphase (Fankhauser et al., 1995; Roberts-Galbraith et al., 2010) and that multiple of 
these phosphorylation events are reduced upon Pom1 inhibition (Kettenbach et al., 2015), 
we and others (Huang et al., 2007; Lee et al., 2018) hypothesized that Pom1 
phosphorylates Cdc15. Consistent with Cdc15 being a Pom1 substrate, the slow 
migrating, phosphorylated forms of Cdc15 were partially reduced in pom1Δ cells (Figure 
28B), and recombinant Pom1 efficiently phosphorylated N-terminal (Cdc15N; aa1-460) 
and C-terminal (Cdc15C; aa441-end) fragments of Cdc15 in vitro (Figure 28C; (Lee et al., 
2018)). Phosphoamino acid analysis revealed that Pom1 phosphorylates Cdc15C 
predominantly on serines and phosphorylates Cdc15N on both serine and threonine 
residues (Figure 29A). Thus, Cdc15 is phosphorylated in a pom1-dependent manner in 
vivo (Figure 28B; Kettenbach 2015) and directly by Pom1 in vitro (Figure 28C; (Lee et 
al., 2018)).  
 To identify Cdc15 sites phosphorylated by Pom1, we performed mass 
spectrometry (MS) analysis of Cdc15C phosphorylated in vitro by recombinant Pom1. Of 
the 17 sites in Cdc15C that match the consensus sequence for DYRK kinases (Himpel et 
al., 2000), MS analysis identified 13 as phosphorylated in vitro (Figure 30). All of these 
sites were previously identified as phosphorylated in vivo (Wilson-Grady et al., 2008; 
Roberts-Galbraith et al., 2010) (Kettenbach et al., 2015; Swaffer et al., 2018). The 
remaining four sites matching the DYRK consensus sequence (S813, S821, S831, S836) 
were not identified in our MS analysis, possibly because these residues are on small 
tryptic peptides, although S813 and S836 were identified in other phosphoproteomic 
datasets (Kettenbach et al., 2015; Swaffer et al., 2018). A Cdc15C mutant with 16 of the 
17 consensus sites mutated to alanine was still phosphorylated by Pom1 (data not shown). 
Thus, we mutated the remaining RXXS site (S710) and two additional residues that we 
identified by MS as highly phosphorylated in vitro (T492, S732); this essentially 
abolished Cdc15C phosphorylation by Pom1 in vitro (Figure 29B). We identified 3 sites 
(S43, S405, T419) in Cdc15N that both (1) match an RXXS/T consensus sequence and (2) 
had been shown to be phosphorylated in vivo (Roberts-Galbraith et al., 2010; Kettenbach 
et al., 2015).. Mutating these sites to alanine abolishes phosphorylation of Cdc15N by 
GST-Pom1 (Figure 29C). Taken together, 22 sites throughout Cdc15 can serve as Pom1 
phosphorylation sites (Figure 28D).  
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Figure 28. Pom1 can phosphorylate Cdc15 on 22 sites. 
A) Quantification of tip septa phenotype. Cells of the indicated genotype were grown to 
log-phase in YES at 32°C and then treated with DMSO or 3MB-PP1 for 2 hours before 
fixation with 70% ethanol at 4°C. Fixed cells were stained with Calcofluor White to 
visualize septa. Graph is average from three replicates. B) Denatured lysates from the 
indicated strains were separated by SDS-PAGE and then immunoblotted for the indicated 
proteins. C) In vitro kinase reactions using radiolabeled ATP,   
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recombinant GST-Pom1 and indicated substrate proteins were separated by SDS-PAGE. 
Coomassie-stained gels of inputs and autoradiography detection of 32P incorporation are 
shown. Asterisk indicates GST-Pom1. D) Scale schematic of Cdc15 structure with 22 
sites phosphorylated by Pom1 indicated with black line. E) Representative images of 
DAPI and Methyl Blue stained cells of the indicated cdc15 genotype. Scale bar is 5 µm. F) 
Quantification of nuclei and septation indices from images acquired as in E; n ≥ 300 for 
each strain. G) Denatured lysates were prepared from either cdc15+ (wt) or cdc15-22A 
(22A) strains. Anti-Cdc15 was used to immunoprecipitate (IP) Cdc15, which was then 
treated with lambda protein phosphatase (Pptase) or water. Lysates and IPs were 
separated by SDS-PAGE and immunoblotted for the indicated proteins. 
 
 

 
Figure 29. Cdc15 phosphomutants abolish Pom1 phosphorylation. 
A) Phosphoaminoacid analysis of indicated substrate proteins phosphorylated in vitro by 
GST-Pom1. The positions of standard phosphorylated amino acids are indicated (top). 
Phosphoaminoacids were detected by autoradiography (bottom). Cdc15N, MBP-
Cdc15(1-460); Cdc15C, MBP-Cdc15(441-end). B-C) In vitro kinase assays using 
radiolabeled ATP, recombinant GST-Pom1 and indicated substrate proteins were 
separated by SDS-PAGE. Coomassie-stained gels of inputs (top) and autoradiography 
detection of 32P incorporation (bottom) are shown.   
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Figure 30. Cdc15 residues phosphorylated by Pom1. 
A-N) Spectra identifying phosphorylation of the indicated residue.  
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Pom1 coordinates with other kinases to regulate Cdc15 phosphostatus 
 To test the function of these phosphorylation sites in vivo, we mutated them to 
alanine (to abolish phosphorylation) or aspartic acid (to partially mimic phosphorylation) 
and integrated the mutant cdc15 alleles at the endogenous locus. Both phosphomutants 
were viable with normal mitotic and septation indices and no off-center or tip septa were 
observed (Figure 28E-F). Analysis of the SDS-PAGE mobility of Cdc15-22A showed 
that much of the phosphorylation-induced retardation of Cdc15 was eliminated by these 
mutations (Figure 28G). The increase in migration of Cdc15-22A was much greater than 
that observed for Cdc15 from pom1∆ background cells (Figure 28B) or from pom1as1 
cells that were acutely inhibited (Figure 31A), suggesting that multiple kinases 
phosphorylate these residues on Cdc15 in vivo. Indeed, the polarity kinase Kin1 has been 
previously identified as a regulator of Cdc15, although it was proposed to phosphorylate 
non-overlapping sites on Cdc15 (Lee et al., 2018). We confirmed that Kin1 
phosphorylates Cdc15 in vitro (Figure 31B). Additionally, we found that indeed dual 
inhibition of Kin1 and Pom1 results in an additive decrease in Cdc15 phosphorylation 
(Figure 31A). However, kin1∆ combined with 22A does not result in additive decrease in 
Cdc15 phosphorylation (Figure 31C) suggesting that Kin1 and Pom1 target largely 
overlapping sites in vivo and also, yet more kinases target at least a subset of these same 
sites. 
 We identified two other kinases that regulate Cdc15 phosphorylation by screening 
kinase gene deletions and temperature-sensitive mutants (data not shown). These are the 
p21-activated kinase Shk1(Orb2/Pak1) and the protein kinase C Pck1 (Figure 32). Both 
kinases co-localize with Cdc15 at the cell division site (Figure 34) and have been 
implicated in regulating cytokinesis. Shk1 phosphorylates Rlc1 to regulate timing of CR 
constriction (Loo and Balasubramanian, 2008). Pck1 is downstream of Rho1 GTPase that 
regulates septum deposition (Toda et al., 1993; Kobori et al., 1994; Arellano et al., 1999; 
Sánchez-Mir et al., 2014). In vitro kinase assays confirmed that Cdc15 is directly 
phosphorylated by these kinases (Figure 33) As we determined for Kin1, the Cdc15-22A 
is still phosphorylated when Shk1 or Pck1 is inactivated (Figure 35). Taken together, 
these findings indicate that Cdc15 is phosphorylated by at least four kinases—Pom1, 
Kin1, Shk1, and Pck1—on largely overlapping sites. That Cdc15-22A is still 
phosphorylated hen Kin1, Pck1, or Shk1 activity is lost suggests that the remaining 
phosphorylated residues are redundantly regulated by those three kinases or that as yet 
unidentified kinases also regulate Cdc15.    
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Figure 31. Cdc15 is also phosphorylated by Kin1. 
A) Denatured lysates from the indicated strains were separated by SDS-PAGE and then 
immunoblotted for the indicated proteins. B) In vitro kinase assays using radiolabeled 
ATP, recombinant MBP-Kin1 and indicated substrate proteins were separated by SDS-
PAGE. Coomassie-stained gels of inputs and autoradiography detection of 32P 
incorporation are shown. C) Denatured lysates were prepared from the indicated strains. 
Anti-Cdc15 was used to IP Cdc15, which was then treated with lambda pptase or water. 
Lysates and IPs were separated by SDS-PAGE and immunoblotted for the indicated 
proteins. 
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Figure 32. Shk1 and Pck1 also regulate Cdc15 phosphorylation. 
Denatured lysates were prepared from the indicated strains. Anti-Cdc15 was used to IP 
Cdc15. IPs were separated by SDS-PAGE and immunoblotted for Cdc15. 
 
 
 
 

 
Figure 33. Shk1 and Pck1 directly phosphorylate Cdc15. 
Native lysates were prepared for the indicated strains and anti-FLAG was pulled down 
using Protein G beads. Beads were added to in vitro kinase assays with the indicated 
substrate protein and radio-labeled ATP. Assays were separated by SDS-PAGE and 
transferred to PVDF membrane. Revert Total Protein Stain and autoradiography 
detection of 32P incorporation are shown. 
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Figure 34. Shk1 and Pck1 co-localize with Cdc15. 
Representative cells were selected from max projections of deconvolved images of 
strains producing the indicated tagged proteins and imaged live. Scale bar 5 µm.  
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Figure 35. Pom1 phosphorylates overlapping sites with Shk1 and Pck1. 
A-B) Denatured lysates were prepared from the indicated strains (right). Anti-Cdc15 was 
used to IP Cdc15, which was then treated with lambda pptase or water. Lysates and IPs 
were separated by SDS-PAGE and immunoblotted for the indicated proteins. A) All 
samples were grown to log-phase at the permissive permissive temperature and then 
shifted to the restrictive temperature (32°C) for 1 hour prior to sample collection. B) All 
samples were grown to log-phase. The ATP analog 3-BrB-PP1 or vehicle control (DMSO) 
was added to samples for 1 hour before samples were collected. 
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Pom1 phosphorylation regulates Cdc15 localization 
 Next we visualized phosphomutants by tagging them at the N-terminus with 
mNeonGreen (mNG) (Willet et al., 2015a). As was previously described for other 
phosphoablating Cdc15 mutants (Roberts-Galbraith et al., 2010), the fluorescent fusion 
protein mNG-Cdc15-22A localizes abnormally to cortical puncta even during interphase, 
arriving at the division site 19.8 +/- 6.6 minutes before mitotic onset (i.e. spindle pole 
body (SPB) separation) compared to 0.5 +/- 1 and 1.3 +/- 1.3 minutes for mNG-Cdc15 
and mNG-Cdc15-22D (Figure 36A-B). mNG-Cdc15-22A abundance in the CR is also 
increased, although the whole cell fluorescence intensities of mNG-Cdc15, mNG-Cdc15-
22A, and mNG-Cdc15-22A are comparable (Figure 36C). 
Given these changes in both timing and abundance of Cdc15 recruitment to the CR, we 
carefully examined cytokinesis dynamics using time-lapse imaging of cdc15 Pom1-
phosphomutants expressing Rlc1-mNG and Sid4-mNG to mark the CR and SPB, 
respectively (Figure 36D). The length of CR formation was similar in wildtype, cdc15-
22A, and cdc15-22D. However, the periods of maturation and constriction were shorter 
in cdc15-22A and longer in cdc15-22D (Figure 36E).  
 
Pom1-mediated Cdc15 phosphorylation prevents septum formation at cell tips 

The wildtype-like septation of Cdc15 phosphoablating mutants (Figure 28E-F) is 
consistent with the fact that pom1∆ do not have tip septa. However, we wondered how 
Cdc15 phosphomutants affect septa formation in the absence of Mid1. Combining the 
phosphoablating mutant cdc15-22A with mid1∆ did not drive tip septa formation (Figure 
37A), indicating that Cdc15 is not sufficient for CR formation, consistent with studies of 
other Cdc15 phosphoablating mutants (Roberts-Galbraith et al., 2010). 
We hypothesized that a Cdc15 phosphomimetic would suppress tip septa formation even 
in cells lacking both Mid1 and Pom1 position cues. Although not completely suppressed, 
the percentage of tip septa is substantially reduced by introducing the cdc15-22D allele to 
mid1∆pom1as1 cells (Figure 37B). Together these results indicate that Cdc15 is a key 
substrate for Pom1-mediated inhibition of tip septa, although likely not the only substrate.  
 To characterize the molecular consequences of Pom1-mediated Cdc15 
phosphorylation, we sought to identify other factors involved in the Pom1-Cdc15 
regulatory pathway by searching for mutants that prevented septa formation at tips in 
pom1as1 mid1∆ cells. Loss-of-function in several actomyosin ring components (Rlc1, 
Fim1, Ain1, Myp2, Rng2, Cdc12 and F-actin) failed to restore tip occlusion to mid1-18 
tea1Δ cells (Huang et al., 2007). By contrast, deletion of CR components Cyk3, Fic1, or 
Pxl1 restored tip occlusion in pom1as1 mid1Δ cells (Figure 37C-F). This suggests that 
Cyk3, Fic1, and Pxl1 are required to form tip septa. Cyk3, Fic1, and Pxl1 have been 
shown to interact directly or indirectly with Cdc15 (Roberts-Galbraith et al., 2009; 
Bohnert and Gould, 2012; Ren et al., 2015; Davidson et al., 2016; Sethi et al., 2016; 
Martin-Garcia et al., 2018). In the context of tip septa formation, Cyk3, Fic1, or Pxl1 
could be downstream of Cdc15 activation or they could be additional substrates of Pom1. 
Pxl1 is  
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Figure 36. Pom1 phosphorylation regulates Cdc15 localization. 
A) Sum projections (mNG) or brightfield (BF) representative images of the indicated 
strains. Scale bars are 5 µm. B) Average time of arrival of Cdc15 at the division site 
relative to SPB separation (time 0). Error bars indicate standard error of the mean. C) 
Average CR and whole cell (WC) intensity of the indicated proteins. Error bars are SD. D) 
Representative montages from live-cell, time-lapse imaging of indicated strains. Numbers 
indicate minutes from SPB separation, which is set to time 0. Scale bar is 5 µm. E) 
Length of cytokinesis stages for indicated genotypes based on time-lapse imaging of cells 
expressing CR and SPB markers Rlc1-mNG and Sid4-mNG, respectively. Error bars 
indicate standard error of the mean. *, p < 0.05 one-way ANOVA.   
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Figure 37. Cdc15 phosphomimetic rescues tip septa formation. 
A-F) Quantification of tip septa phenotype. Graph is average of three replicates. Images 
are representative of cells of the indicated genotype and treatment. Cells were fixed in 70% 
ethanol at 4°C and then stained with Calcofluor White. Scale bar is 5 µm. For Pom1 
inhibition experiments, cells were grown to log-phase at 32°C and then treated for 2 
hours with either DMSO or analog 3MB-PP1 to inhibit analog-sensitive Pom1. D, F-H)  
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not appreciably phosphorylated by Pom1 in vitro (data not shown) nor is the 
phosphostatus of Fic1 and Pxl1 regulated by Pom1 in vivo (Kettenbach et al., 2015); data 
not shown). Therefore, we next tested whether Pom1-mediated phosphorylation regulates 
their interaction with Cdc15.  
 
Pom1 inhibits Cdc15 binding to Pxl1 in vitro 

The C-terminus of Cdc15 interacts with Fic1 and Pxl1 in an SH3 domain-
dependent manner (Roberts-Galbraith et al., 2009; Bohnert and Gould, 2012; Ren et al., 
2015). Previous studies proposed that phosphorylation of Cdc15 triggers a 
conformational change that prevents interaction with partners such as Fic1 and Pxl1 
(Roberts-Galbraith et al., 2010). According to this model, the loss of Pom1-mediated 
phosphorylation would result in mis-localized and mis-timed interaction of Cdc15 with 
Fic1 and Pxl1. However, whether phosphorylation itself directly inhibits Cdc15 
interaction with binding partners has not been tested. Therefore, we tested using an in 
vitro kinase assay coupled to an in vitro binding assay whether Pom1-mediated 
phosphorylation inhibits Cdc15 binding to Fic1 and Pxl1. Whereas phosphorylation of 
MBP-Cdc15C did not affect its interaction with Fic1, Pom1-mediated phosphorylation of 
GST-Cdc15C blocked its association with Pxl1 (Figure 38A-B). Of note, these 
experiments were performed with a C-terminal fragment of Cdc15 and thus even though 
Pom1-mediated phosphorylation of Cdc15C did not prevent interaction with Fic1, it 
remains possible that phosphorylation of full-length Cdc15 would prevent interaction 
with Fic1, in accordance with our previously proposed model of the full-length dimer 
exhibiting a phospho-mediated conformational switch that regulates its interaction with 
membranes and protein partners (Roberts-Galbraith et al., 2010).  

The phosphorylation of Cdc15 C-terminus occurs in the central, intrinsically 
disordered region (IDR) and not in the SH3 domain (Figure 38A). This suggested that 
perhaps Pxl1 was interacting at least in part with the central IDR. Therefore, we 
performed a set of binding experiments to determine which region of Cdc15 interacts 
with Pxl1. First, we found that the Cdc15 SH3 domain is not sufficient for Pxl1 
interaction in vitro (Figure 38C). Next, we tested whether canonical SH3 binding is 
required for Cdc15 interaction with Pxl1. Mutating the SH3 domain to abolish canonical 
SH3 binding (W903S) eliminates interaction with Fic1 in vitro (Figure 39A). However, 
Cdc15(W903S) can still interact with Pxl1, although with apparently reduced affinity 
(Figure 39B). This was confirmed by performing quantitative binding assays that 
determined Kd (Figure 39C). Taken together, these results indicate that Cdc15 binds to 
Pxl1 using both a canonical SH3 domain interaction plus its IDR. 
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Figure 38. Cdc15 IDR is required for interaction with Pxl1 and Pom1 
phosphorylation regulates interaction of Cdc15 with Pxl1. 
A) In vitro kinase assays with recombinant GST-Pom1 and GST-Cdc15C were added to 
the indicated MBP-tagged proteins. Amylose resin was used to pull down proteins. B) 
Schematic of C-terminal fragment of Cdc15 used in binding assays. Pom1 
phosphorylation sites are indicated with black lines. C) Binding assays between the 
indicated MBP-tagged and GST-tagged proteins. Amylose resin was used to pull down 
proteins. 
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Figure 39. Cdc15 SH3 domain is required for interaction with Fic1 and participates 
in binding Pxl1. 
A-C) Binding assays between the indicated MBP-tagged and GST-tagged proteins. 
Amylose resin was used to pull down proteins. 
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Discussion  
 The DYRK-family kinase Pom1 has been shown to be critical for preventing 
septation at cell tips (Huang et al., 2007) and in this study we confirm the hypothesis that 
this is due in part to phosphorylation of the F-BAR protein Cdc15. Although Cdc15 
phospho-regulation is established (Fankhauser et al., 1995; Wachtler et al., 2006; 
Roberts-Galbraith et al., 2010) (Kettenbach et al., 2015; Lee et al., 2018), this is the first 
comprehensive mapping of the complete cohort of Cdc15 residues phosphorylated by a 
single kinase. Phosphomutants made based on this analysis revealed that Pom1 
phosphorylation regulates Cdc15 cortical localization and abundance in the CR. 
Furthermore, mutants that mimic Pom1 phosphorylation partially rescue tip septation 
when both positive Mid1-mediated and negative Pom1-mediated cues are absent. 
Deleting CR proteins and cell wall regulators that are scaffolded downstream of Cdc15—
Cyk3, Fic1, and Pxl1—also partially rescues tip septation. Taken together, these results 
suggest that Pom1 inhibits division at cell tips in part by suppressing Cdc15 scaffolding.  
 
What other proteins are regulated by Pom1 to prevent tip division?  

The Cdc15 phospho-ablating mutant cdc15-22A did not induce tip septa formation 
in mid1∆, indicating that it is not the sole protein regulated by Pom1 to inhibit division 
site placement. Other potential substrates include CR proteins Cyk3, Rga7, and Imp2, 
whose phosphorylation status has been shown to be regulated by Pom1 (Kettenbach et al., 
2015). Imp2 and Cdc15 redundantly scaffold a network of proteins important for septum 
formation, which includes Cyk3, Fic1, and Pxl1. Rga7 has been shown to associate with 
Imp2 in vivo and is essential for proper septum formation. The consequences of 
phosphorylation of Cyk3, Rga7, and Imp2 have not been studied and it will be interesting 
to explore if Pom1 regulates this network globally for a common purpose.  

 
How does phosphorylation inhibit Cdc15 molecularly?  
The Cdc15-22A mutant localizes in puncta at the tips throughout the cell cycle, possibly 
due to loss of inhibitory Pom1 phosphorylation at cell ends. This phenotype is similar to 
other cdc15 phospho-ablating mutants (Roberts-Galbraith et al., 2010). However, the 
previously studied cdc15-27A mutant took longer to form the CR and to constrict than 
cdc15+ (Roberts-Galbraith et al., 2010),while cdc15-22A constricts earlier and faster than 
cdc15+. The sites in the cdc15-22A and cdc15-27A mutants are overlapping but not 
identical, and cdc15-27A is not specific to a single kinase. This prompts the questions  
 
How do different phosphorylation events affect Cdc15? 
 Previous investigations of Cdc15 regulation determined that phosphorylation 
inhibits its cortical localization and interaction with downstream CR proteins (Roberts-
Galbraith et al., 2010). Additionally, phosphorylation seemed to regulate the ability of 
Cdc15 to oligomerize into linear assemblies (Roberts-Galbraith et al., 2010). This led to a 
model in which phosphorylation triggers a switch from a closed, inhibited conformation 
to an open conformation (Roberts-Galbraith et al., 2010), which has been proposed for 
other F-BAR proteins (Rao et al., 2010; Stanishneva-Konovalova et al., 2016). This paper 
shows for the first time that phosphorylation directly inhibits Cdc15 interaction with Pxl1. 
We also discovered that interaction with Pxl1 requires both Cdc15’s SH3 domain and the 
IDR where the bulk of Pom1-mediated phosphorylation occurs. However, the interaction 
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between the C-terminus of Cdc15 and Fic1 was not inhibited by Pom1-mediated 
phosphorylation in vitro even though hyper-phosphorylated Cdc15 from G2 doesn’t pull-
down Fic1 but a Cdc15 phosphoablation mutant does (Roberts-Galbraith et al., 2010). 
Unlike Pxl1, the Cdc15 SH3 domain is sufficient to bind Fic1, presumably through one or 
more of the multiple poly-Proline sequences in its N-terminus (Bohnert and Gould, 2012). 
Therefore, it’s possible phosphorylation of full-length Cdc15 both triggers a 
conformational switch that masks the binding pocket on the SH3 domain and directly 
inhibits interaction with Pxl1. It’s particularly intriguing to consider this with the 
knowledge that Cdc15 is never completely dephosphorylated (Roberts-Galbraith et al., 
2010) and thus a complex hierarchy of phosphorylation events could be regulating its 
multiple scaffolding activities. An important next step will be determine the structure of 
full-length Cdc15 to determine if this conformational switch is actually a method of 
inhibition.  
 
How does Cdc15 integrate signaling from multiple kinases to time cytokinesis?  

Although this paper primarily characterized the role of Pom1 phosphorylation in 
regulating Cdc15 for proper CR placement, we also identified three other kinases that 
collaborate to phosphorylate Cdc15: Kin1 (Lee et al., 2018), Shk1, and Pck1. Our data 
suggest that these kinases phosphorylate largely overlapping sites on Cdc15 given that 
the Cdc15-22A mutant abolishes most phosphorylation on Cdc15 and there does not 
seem to be an additive effect when combined with other kinase mutants. This was 
somewhat unexpected as a previous study reported that Kin1 and Pom1 phosphorylate 
non-overlapping sites (Lee et al., 2018). However, the previous study did not use 
mutational analysis or phospho-site mapping to verify the phosphorylated residues 
identified by MS. This is necessary given that most sites are located in the IDR of Cdc15 
where 1 in every 5 residues is a Ser or Thr, which makes it difficult to accurately identify 
which residue in a phospho-peptide is phosphorylated. It will be interesting to follow up 
these findings by careful mapping of the sites modified by Shk1, Pck1, and Kin1 to 
determine how much overlap exists.  
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE DIRECTIONS 
 
This thesis comprises three separate but related studies to provide molecular 

insight into the regulation and execution of cytokinesis using the model organism S. 
pombe. All three studies are rooted in the essential cytokinetic scaffold Cdc15. In Chapter 
2, we described that the IDR contributes to its essential function and identified a role for 
it in recruiting calcineurin. Additional scaffolding functions of the IDR and the F-BAR 
domain remain to be uncovered. Chapter 3 branched off Cdc15, studying the regulation 
of its binding partner of Pxl1. By studying a single protein, we have opened doors to 
understanding general principles of how phosphatases collaborate to regulate cytokinesis. 
Finally, in chapter 4 we studied the regulation of Cdc15 itself. Given the many sites of 
phosphorylation on Cdc15 and its strong cell cycle regulation, we have long considered it 
an integration point for kinase-mediated signaling. In this thesis, we confirmed that 
multiple kinases do indeed converge on Cdc15 and we determined the cellular effect of 
phosphorylation by one of them. However, we have much more to learn about these 
different inputs and the resulting molecular output.  
 

F-BAR protein IDRs: unchartered territories 
Chapter 2 described structure-function studies of the essential CR scaffold Cdc15. 

This work discovered that the essential function of Cdc15’s F-BAR domain can be 
replaced by the F-BAR domains of other proteins. This work also revealed that the 
central IDR is essential for Cdc15 function, but unlike the F-BAR domain, it cannot be 
swapped with the IDR of paralog Imp2. Characterization of mutants with partial deletion 
of the IDR revealed that in addition to being phosphorylated, the IDR contributes to 
scaffolding functions in the CR.  

One defect that we observed with removal of aa 503-677 (cdc15-∆2) is loss of 
calcineurin localization at the CR. The role of Cdc15’s IDR in recruiting calcineurin to 
the CR is the project of another graduate student in the lab, Chloe Snider. An interaction 
between Cdc15 and calcineurin has not been detected (Chloe Snider, unpublished data). 
Calcineurin localization at the division site requires Pxl1 (Martin-Garcia et al., 2018), and 
we showed in Chapter 4 Pxl1 interacts with Cdc15’s IDR and SH3 domain. However, we 
found that Ppb1 is absent even when Pxl1 is present at the division site, and interaction is 
not detected even when all 3 molecules are present (Chloe Snider, unpublished data), 
indicating that the recruitment of calcineurin is more complicated and could involve an 
unidentified partner of Cdc15’s binding region. 

cdc15-∆2 mutants display an abnormal CR behavior that is unique to the deletion 
of aa 503-677. I tested if forcing calcineurin to the CR in cdc15-∆2 would rescue the CR 
defect. I fused the calcineurin catalytic subunit Ppb1 to the N-terminus of Pxl1, which 
contains CR-targeting information (Pinar et al., 2008). This fusion protein has been 
previously used to force Ppb1 to the division site in a pxl1∆ (Martin-Garcia et al., 2018). 
We confirmed that this fusion product does localize to the CR in cdc15-∆2 when it 
replaces ppb1+ at the endogenous locus, although the double mutant still had defects. I 
also integrated the fusion gene at the leu1 locus so cells expressed ppb1+ from the 
endogenous locus and combined it with cdc15-∆2; this mutant also still had defects. This 
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indicates that aa 503-677 are mediating another function—perhaps recruiting, 
maintaining, or precisely localizing another protein—that is important for CR integrity. 

cdc15-∆3 also had cytokinetic defects, although it did not exhibit the same CR 
behavior. In this case, CR contraction proceeded extremely slowly, although CRs did not 
slide away from the division site. One possibility is that the primary defect in cdc15-∆3 is 
a reduced rate of septum synthesis. Further characterization of this defect could lead to 
insight into how CR contraction and septum synthesis are coupled. In chapter 4, we 
discovered that the part of the IDR deleted in cdc15-∆3 is important for interaction with 
Pxl1 in vitro, suggesting one possible molecular defect that could explain the phenotype 
of cdc15-∆3.  

Taken together, Cdc15’s IDR could be mediating multiple interactions, adding 
further complexity to the network of proteins that are known to be scaffolded by its F-
BAR and SH3 domains. A few other F-BAR proteins’ IDRs have been implicated in their 
function (Meitinger et al., 2011; Meitinger et al., 2013; Oh et al., 2013) (Hollopeter et al., 
2014; Umasankar et al., 2014) (Yamamoto et al., 2018), and it will be interesting to see if 
in fact all IDRs are important for F-BAR protein function. 
 

Collaboration between phosphatases to control mitotic exit and cytokinesis 
The studies of chapter 3 were prompted by a hypothesis that I generated to 

explain the CR defect in cdc15-∆2. Although subsequent experiments disproved that 
hypothesis, my efforts to test it led to the confirmation of a novel CDK cytokinetic 
substrate that is regulated by at least two phosphatases and opened the door to future 
studies. Multiple large-scale phospho-proteomics identified Pxl1 as a phospho-protein 
regulated by CDK, although Pxl1 phosphorylation had not been studied. I confirmed that 
Pxl1 is phosphorylated in vivo and that CDK directly phosphorylates Pxl1. Not only did I 
confirm that Pxl1 is regulated by CDK, but I also identified two phosphatases that 
regulate it: the Cdc14 phosphatase Clp1 and PP1 Dis2. Clp1 is known to antagonize CDK 
phosphorylation, which further supports that Pxl1 is a CDK substrate in vivo. Dis2 is one 
of two PP1 catalytic subunits in S. pombe. The other is Sds21 (Ohkura et al., 1989; 
Dawson and Holmes, 1999). Although Sds21 was not a major protein pulled down by 
GFP-Pxl1 (Table 4), future studies can test whether Sds21 also regulates Pxl1. This will 
provide insight into how PP1 orthologs collaborate to regulate cell biological processes 
and whether there is any division of labor. It also offers the potential to dissect how 
catalytic subunits have substrate specificity, whether this is through intrinsic molecular 
features that dictate binding of catalytic or regulatory subunits to substrate or by temporal 
and spatial regulation of phosphatase localization and thus access to substrates.  

It will also be interesting to determine how multiple phosphatases collaborate to 
regulate a single substrate. Although the Pxl1(9D) did not seem to be a true 
phosphomimetic, future studies can begin to probe the effect of hyper-phosphorylation by 
interfering with substrate-phosphatase interaction. There is a predicted PP1 docking motif 
in the N-terminus of Pxl1 at aa 78-84, right between two sets of CDK phosphorylation 
sites (T64/S67 and S97) (Figure 40). In future experiments, we will test whether mutating 
the PP1 docking motif as was done in previous studies (Grallert et al., 2015) results in 
Pxl1 hyperphosphorylation. Additionally, we will monitor PP1 localization in the Pxl1 
PP1 docking mutant to determine if Pxl1 is more than a substrate but also a CR scaffold 
for PP1. This will be important for interpreting the cytokinesis phenotypes of the Pxl1 
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PP1 docking mutant to know if the primary molecular perturbation is Pxl1 
hyperphosphorylation in an otherwise wildtype setting (i.e. Dis2 is still acting on other 
substrates) or if larger-scale perturbations are occurring due to loss of PP1 activity at the 
CR. Although a docking site has not been described for Clp1, its homolog in S. cerevisiae, 
Cdc14, has been shown to dock on PxL sites (Kataria et al., 2018). The residues on 
Cdc14 that bind with the PxL motif are conserved in Clp1, suggesting that this docking 
mechanism could be conserved. This is another potential way to perturb Pxl1 
dephosphorylation and characterize how multiple phosphatases regulate it. 

Even though calcineurin doesn’t regulate Pxl1, its localization at the division site 
and the gross cytokinesis defects of ppb1∆ cells indicate that it is still important for 
regulating cytokinesis. Indeed, PP1, PP2A, PP2B/calcineurin, and Cdc14 phosphatases 
are all implicated in cytokinesis in S. pombe and in metazoan cells to varying degrees. 
Combining reductionist studies like those I propose for Pxl1 with more systematic studies 
such as proteomics studies to identify phosphatase substrates can be used to unravel how 
multiple phosphatases distribute responsibility.  

 
 

 
Figure 40. PP1 docking site in the N-terminus of Pxl1. 
A) Schematic of Pxl1. Numbers indicate amino acid position of [S/T]P motifs in the N-
terminus of Pxl1. Asterisks indicate PxxP motifs. B) Alignment of PP1 docking motifs. 
Red residues indicate mutations that can be made to disrupt the docking motif.   
 
 



 
 

80 

CDK regulation of F-BAR protein scaffolding  
After establishing that CDK phosphorylates Pxl1, I proceeded to make 

phosphomutants that ablated or mimicked CDK phosphorylation and to characterize the 
cell biology of those phosphomutants. Analysis of phospho-ablating mutants indicated 
that Pxl1 localization to the CR is inhibited by phosphorylation, and the cytokinesis 
defects of pxl1(9A) indicate that this timing is important for efficient execution of 
cytokinetic events. The N-terminus of Pxl1 contains CR targeting information (Pinar et 
al., 2008), and given that all of the CDK phosphorylation sites are in the N-terminus, we 
hypothesized that phosphorylation directly inhibits an interaction at the CR. The first 
interaction that we tested was Pxl1’s interaction with the C-terminus of Cdc15 (Pinar et 
al., 2008; Roberts-Galbraith et al., 2009; Martin-Garcia et al., 2018), which we confirmed 
is direct in Chapter 4. Cdc15 is one of the earliest proteins at the division site arriving 
before SPB separation (Wu et al., 2003; Roberts-Galbraith et al., 2009; Ren et al., 2015). 
Although we showed in Chapter 4 that phosphorylation of Cdc15 C-terminus inhibits 
binding to Pxl1, Cdc15 is dephosphorylated prior to Pxl1’s localization at the CR 
(Roberts-Galbraith et al., 2010). Therefore, it is possible that Pxl1 must itself be inhibited 
to prevent interaction with Cdc15 and delay its recruitment to the CR until maturation. To 
test this, we phosphorylated bead-bound MBP-Pxl1 with CDK and then added a C-
terminal fragment of Cdc15 to see if the two proteins could still interact. We found that 
GST-Cdc15C bound equally to non-phosphorylated and phosphorylated MBP-Pxl1 
(Figure 41). Thus the interaction between Pxl1 and the C-terminus of Cdc15 is regulated 
by phosphorylation of Cdc15 (see Chapter 4), not by regulation of Pxl1. 

Pxl1 phosphorylation could be regulating another of its interactions at the CR, 
such as interaction with Rga7, Rlc1, or Sbg1 (Pinar et al., 2008; Roberts-Galbraith et al., 
2009; Martin-Garcia et al., 2014; Foltman et al., 2016; Sethi et al., 2016). More 
unpublished data shows that Pxl1 can also directly bind to the F-BAR domain of Cdc15 
(Chloe Snider). That CDK phosphorylation could regulate binding to the F-BAR domain 
is an attractive hypothesis because it has been previously shown to regulate the binding of 
formin Cdc12 to the F-BAR domain (Willet et al., 2018). To test this, we phosphorylated 
bead-bound MBP-Pxl1 with CDK and then added recombinant Cdc15 F-BAR to see if 
the two proteins could still interact. Phosphorylation of MBP-Pxl1 reduced its interaction 
with Cdc15 F-BAR domain by approximately 50% in vitro (Figure 41). Interestingly, 
though both Pxl1 and Cdc12 are phosphorylated by CDK at similar times of the cell cycle, 
Cdc12 arrives at the division site much earlier than Pxl1. The different timing of these 
proteins could be due to the order in which they are dephosphorylated. Alternatively, 
other regulatory mechanisms could redundantly regulate protein recruitment as a Cdc12 
CDK phosphomutant is still highly phosphorylated in vivo (Willet et al., 2018). 
Considering our new understanding of the nanoscale architecture of the CR and that the 
Cdc15 F-BAR domain is at the membrane (McDonald et al., 2017), another possibility is 
that CDK phosphorylation specifically regulates Pxl1 and Cdc12 localization to the 
membrane via F-BAR docking.  
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Figure 41. Phosphorylation of MBP-Pxl1 inhibits interaction with Cdc15 F-BAR but 
not its C-terminus. 
A) Coomassie-stained SDS-PAGE of recombinant GST and GST-tagged Cdc15(aa441-
927) that was input or pulled-down by empty beads, bead-bound MBP-Pxl1, or bead-
bound CDK-phosphorylated MBP-Pxl1. B) Coomassie-stained SDS-PAGE of 
recombinant Cdc15 F-BAR that was input or pulled-down by empty beads, bead-bound 
MBP, bead-bound MBP-Pxl1, or bead-bound CDK-phosphorylated MBP-Pxl1. 
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Consequences of F-BAR protein phosphorylation 

In Chapter 4, we studied the phosphorylation of Cdc15 by the DYRK kinase 
Pom1. The goal of this work was to test two long-standing hypotheses about the 
mechanism by which Pom1 inhibits tip septation (Huang et al., 2007) and the molecular 
mechanism by which phosphorylation inhibits Cdc15 (Roberts-Galbraith et al., 2010). 
We partially accomplished the first, demonstrating that Cdc15 is indeed a key substrate 
for Pom1-mediated inhibition of tip septation. However, as described in Chapter 4, Pom1 
likely regulates a network of proteins to achieve this function. 

Instead of proving or disproving the second hypothesis, we generated evidence in 
support of an alternative hypothesis. We showed for the first time that phosphorylation 
can directly inhibit Cdc15 interactions, specifically the interaction of Pxl1 with the C-
terminus of Cdc15. A C-terminal phosphomimetic also inhibits interaction with Pxl1 in 
vitro (Figure 42). Given that existing literature describes Pxl1 accumulation at the CR 
through maturation and contraction in a Cdc15 SH3-domain dependent manner (Pinar et 
al., 2008; Martin-Garcia et al., 2018), we predicted that Cdc15 phosphomimicking 
mutations would reduce Pxl1 abundance at the CR, but they did not (Figure 42), 
indicating that the network of Cdc15 SH3-domain scaffolded proteins also participates in 
Pxl1 recruitment and/or maintenance. Unexpectedly (but perhaps biasedly), these studies 
converged on a particular interaction: that between Cdc15 and Pxl1. To summarize, 
Cdc15 has two binding sites for Pxl1: one site in the F-BAR domain that is not inhibited 
by phosphorylation (Chloe Snider, unpublished data) and a second site consisting of the 
IDR plus SH3 domain that is inhibited by phosphorylation or phophomimicking 
mutations. Pxl1 is also phosphorylated and this reduces the interaction with Cdc15 F-
BAR but does not affect its ability to bind the C-terminus of Cdc15. Although we do not 
yet understand the significance of this highly regulated and complex interaction, it 
demonstrates the importance of zooming into the CR to understand these interactions at 
the nanoscale.  

Other consequences of Cdc15 phosphorylation are still possible. The fact that the 
interaction between Cdc15 C-terminus and Fic1 is not inhibited by phosphorylation in 
vitro, but is inhibited when Cdc15 is hyper-phosphorylated in vivo (Roberts-Galbraith et 
al., 2010), indicates that multiple consequences of phosphorylation could co-exist. It will 
be interesting to test whether in vitro phosphorylation of full-length, recombinant Cdc15 
can inhibit interaction with Fic1. It will also be helpful to determine the structure of full-
length Cdc15 and if and how phosphorylation changes the structure. Although our lab can 
purify full-length, hyper-phosphorylated Cdc15 from bacteria co-producing Pom1 (Chloe 
Snider, unpublished data), these molecules are too heterogenous for cryo-electron 
microscopy studies (Mel Ohi lab, personal communication). Although most of the 
phosphorylation sites are in the highly flexible, IDR of Cdc15, phosphorylation itself 
does not seem sufficient to impose structural rigidity on the IDR. One strategy that could 
be used to impose homogeneity on the Cdc15 molecules is to include a binding partner. 
Indeed, a third possible consequence of phosphorylation is the creation of new phospho-
peptide binding sites for 14-3-3 proteins Rad24 and Rad25. 14-3-3 proteins bind 
phosphorylated RxxS motifs (Reinhardt and Yaffe, 2013), which are exactly the sites 
created by Pom1 phosphorylation. Large-scale purifications and co-immunoprecipitation 
experiments demonstrate that Cdc15 and Rad24 interact (Roberts-Galbraith et al., 2010), 
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although the molecular consequences of 14-3-3 interaction are unknown. We confirmed 
that Pom1-phosphorylated Cdc15 can bind GST-Rad24 in vitro (Rahul Bhattacharjee, 
unpublished data). Future studies in the lab aim to identify the subset of Pom1 
phosphorylation sites that are bound by 14-3-3, to determine how 14-3-3 binding affects 
Cdc15 in vitro and in vivo, and to test if binding to 14-3-3 could stabilize a Cdc15 
conformation for structural studies. 

Also in Chapter 4, although we primarily studied the effect of Pom1 
phosphorylation on Cdc15, we also confirmed three other kinases that regulate Cdc15: 
Kin1, Shk1, and Pck1. Cdc15-22A abolishes most phosphorylation, but to what extent 
these kinases modify overlapping residues remains to be determined. Once similar 
phospho-site mapping is performed for these additional kinases, we can study whether 
they have overlapping or distinct effects. Another potential hypothesis is that even if 
these kinases modify overlapping sites, they differ in when and/or where they 
phosphorylate Cdc15. Careful analysis of kinase localization revealed that Shk1 arrives 
13.0 +/- 1.6 minutes after SPB separation, just after anaphase B, while Pck1 doesn’t 
arrive until 26.2 +/- 1.1 minutes after SPB separation and after the onset of CR 
contraction (Figure 43). Keeping in mind that Cdc15 is never completely 
dephosphorylated (Roberts-Galbraith et al., 2010), the sequential recruitment of kinases 
to the CR makes it possible that Cdc15 could be regulated by these kinases at different 
times. For example, Shk1 phosphorylates Rlc1 during CR formation to regulate CR 
contraction (Loo and Balasubramanian, 2008); Cdc15 could be another substrate of Shk1. 
The later arrival of Pck1 coincides with the onset of septum formation, consistent with 
Pck1 being downstream of Rho1 activation (Toda et al., 1993; Kobori et al., 1994; 
Arellano et al., 1999; Sánchez-Mir et al., 2014). Thus, Pck1 could regulate Cdc15’s 
interaction with cell wall regulators to fine-tune septum synthesis. Considering the 
multitude and complexity of Cdc15’s interactions and its role at multiple stages of 
cytokinesis, it is certainly within the realm of possibility that it would be so complexly 
regulated. 

 
Final remark 

Taken together, these studies revealed molecular details of cytokinesis in S. 
pombe, assigning previously unappreciated functions to the domain of a well-studied 
protein and dissecting how known interactions and functions are regulated for efficient 
cytokinesis. This work not only advances our understanding of Cdc15, Pxl1 and 
cytokinesis in S. pombe, but also serves as a model for how F-BAR proteins function, 
provides a system for studying how phosphorylation is fine-tuned on proteins through the 
effort of multiple kinases and phosphatases, and offers insight into cytokinesis generally.    
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Figure 42. Cdc15 phosphomimicking mutations inhibit interaction with Pxl1 in vitro 
but not in vivo. 
A) Coomassie-stained SDS-PAGE of recombinant GST and GST-tagged Cdc15C 
(aa441-927) that was input or pulled-down by empty beads or bead-bound MBP-Pxl1. B) 
Mean +/- SD of mNG-Pxl1 intensity at CRs in the indicated genetic backgrounds. 
Individual data points are shown.  
 

 
Figure 43. Timing of division site localization of Kin1, Shk1, and Pck1. 
Strains expressing mNG-tagged kinase and Sid4-mCherry were imaged at 2-min intervals. 
Mean +/- SD of each event is plotted relative to SPB separation, which was set to time 0. 
Anaphase B and full length spindle are observed at 11.7 +/- 1.7 minutes and 22.8 +/- 1.6 
min, respectively (30 cells). Kin1, Shk1, and Pck1 arrive at 11.6 +/- 0.7 min (18 cells), 
13.0 +/- 1.6 min (12 cells), and 26.1 +/- 1.1 min (11 cells), respectively. 
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APPENDIX 
 

A. MATERIALS AND METHODS 
 

Yeast methods  
S. pombe strains were grown in yeast extract with supplements (YES), YES 

without additional adenine, or Edinburgh Minimal Media (EMM) plus selective 
supplements (Moreno et al., 1991; Forsburg and Rhind, 2006). Transformation of yeast 
with plasmid or linear DNA was accomplished using electroporation (Forsburg and 
Rhind, 2006) or lithium acetate methods (Keeney and Boeke, 1994; Forsburg and Rhind, 
2006), respectively.  

For integration of cdc15 alleles at the endogenous locus, cdc15+/cdc15::ura4+ 
was transformed with pIRT2 vector with the desired cdc15 allele plus cdc15  5′ and 3′ 
noncoding regions (Roberts-Galbraith et al., 2009). Spores were germinated on selective 
medium to select for cdc15::ura4+ haploids that have the vector. Haploid integrants were 
recovered based on resistance to 5-fluorourotic acid (FOA) and integration and loss of 
vector was verified by growth on selective media, PCR and/or microscopy, and finally 
sequencing.  

To confirm lethality of cdc15 mutants, the ura4+ cassette in a 
cdc15+/cdc15::ura4+ diploid strain was replaced with a cassette consisting of 500 bp 5’ 
cdc15+ flanking region, the mutant cdc15 coding sequence, kanR, and 500 bp 3’ cdc15+ 
flanking region. Integrants resistant to 5-FOA and G418 were selected and confirmed by 
whole-cell PCR before sporulation and tetrad dissection.  

For integration of pxl1 alleles at the endogenous locus, pxl1::ura4+ was 
transformed with a cassette consisting of 500 bp 5’ pxl1+ flanking region, the desired 
pxl1 coding sequence, kanR, and 500 bp 3’ pxl1+ flanking region. Spores were germinated 
on selective medium to select for cdc15::ura4+ haploids that have the vector. Integrants 
were recovered based on resistance to 5-fluorourotic acid and G418.  

For integration of the pxl1(N)-ppb1 fusion at the ppb1 locus,  ppb1::ura4+ was 
transformed with a cassette consisting of 300 bp 5’ ppb1+ flanking region, pxl1(nt 1-
771)-ppb1+ coding sequence, kanR, and 500 bp 3’ pxl1+ flanking region. Spores were 
germinated on selective medium to select for cdc15::ura4+ haploids that have the vector. 
Integrants were recovered based on resistance to 5-fluorourotic acid and G418.  

Genes were tagged at the 3′ end of their ORFs with mNG:kanR, mNG:hygR, or 
mCherry:natR using pFA6 cassettes as previously described (Wach et al., 1994; Bahler et 
al., 1998b; Willet et al., 2015a). Integration of tags was verified using whole-cell PCR 
and/or microscopy.  

Introduction of tagged loci or mutants into other genetic backgrounds was 
accomplished using standard S. pombe mating, sporulation, and tetrad dissection 
techniques. 

For growth assays, cells were grown to log phase at 25°C in YES medium. 
40x106 cells/ml YES suspension was serially diluted 10-fold and three µl of each dilution 
were spotted to YES plates for growth at indicated temperatures. 

For block-and-release using the cdc25-22 background, cells were arrested in G2 
by shifting to the restrictive temperature (36°C) for 3.5-4 hours and then released back 
into the cell cycle by shifting to the permissive temperature (25°C). 25 OD Pellets were 
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collected at the time of release (0 minutes) and at subsequent time points as indicated. 
Additionally, cells were fixed in ice-cold 70% ethanol for subsequent staining with DAPI 
and Methyl Blue to visualize nuclei and septa, respectively. To test if calcineurin 
regulates Pxl1, a cell culture was blocked-and-released as described. After collecting the 
time 0 pellet, the culture was split into two cultures. One culture was treated with FK506 
and the other was treated with DMSO as a vehicle control at time 30 after release.  

To inhibit Pom1as in vivo, cells were grown in YE at 32°C to mid-log phase and 
then treated with 4-Amino-1-tert-butyl-3-(3-methylbenzyl)pyrazolo[3,4-3]pyrimidine 
(3MB-PP1) (Toronto Research Chemical; A602960 or Cayman Chemical; 17860) at a 
final concentration of 1 µg/ml for 2 hours. Vehicle-treated cells were grown in equal 
volume of DMSO (Sigma; D2650).  
 

Molecular biology 
GST-Pom1 was described previously (Hachet et al., 2011). All other expression 

and integration vectors were constructed using standard molecular biology techniques. 
Mutations were made with a QuikChange Multi-lightning mutagenesis kit (Agilent 
Technolgoies). All constructs were sequenced for verification. 

cdc15 plasmids were created by amplifying cdc15 fragments by PCR from 
pKG4456 (Roberts-Galbraith et al., 2009) and subsequent cloning into pIRT2 for 
integration at the endogenous locus (Roberts-Galbraith et al., 2009). Mutations were 
made in pIRT2 vectors with a QuikChange Multi-lightning mutagenesis kit (Agilent 
Technolgoies). All constructs were sequenced for verification. 

A C-terminal fragment (amino acids 441-stop) was amplified by PCR from an S. 
pombe cDNA library and cloned into pMal-c2 vectors using EcoRI and BamHI sites.  An 
N-terminal fragment (amino acids 1-460) was amplified by PCR from pIRT plasmids 
containing cdc15 wildtype (pKG4456) or mutant coding sequences pKG4827) (Roberts-
Galbraith et al., 2010). Gibson assembly (Gibson et al., 2009) was used to clone inserts 
into pMal-c2 digested with BamHI and EcoRI. Vectors were sequenced.  
 

Microscopy methods 
Except as noted, images of S. pombe cells were acquired using a Personal 

DeltaVision (GE Healthcare, Issaquah, WA) that includes an Olympus IX71 microscope, 
60× NA 1.42 Plan Apochromat and 100× NA 1.40 U Plan S Apochromat objectives, 
fixed and live-cell filter wheels, a Photometrics CoolSnap HQ2 camera, and softWoRx 
imaging software (Applied Precision).  

For live-cell fluorescence imaging strains were grown overnight to log phase in 
YES media at 25°C in a shaking water bath. Cells were imaged in YES media at 23–29°C.  

Time-lapse imaging was performed using an ONIX microfluidics perfusion 
system (CellASIC ONIX, EMD Millipore). 50 µl of 40x106 cells/ml YES suspension was 
loaded into Y04C plates for 5 s at 8 psi. YES medium flowed into the chamber at 5 psi 
throughout imaging. Time-lapse images were obtained at 2-min intervals. Representative 
fluorescence images are maximum-intensity or sum projections of z sections spaced at 
0.2-0.5 µm that have been deconvolved with 10 iterations.  

End-on images were acquired with a spinning disk system, which includes a Zeiss 
Axiovert200m microscope, Yokogawa CSU-22, 63X NA 1.46 planApochromat and 
100X numerical aperture (NA) 1.40 PlanApo oil immersion objectives, and Hamamatsu 
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ImageEM-X2 camera. Cells grown to log-phase in EMM plus adenine, uracil and leucine 
and loaded to vertical chambers in a 4% MAUL agarose pad and imaged every 2 min. 6 
z-slices at 0.5 µm intervals around the middle of the cell were acquired at each time point. 

For Figure 14, time-lapse images were acquired with a Nikon spinning disk 
system, which incorporates a Yokogawa CSU-X1 spinning disk head, Andor DU-897 
EMCCD, high-speed piezo [z] stage, a four-line high-power solid state laser launch, and 
a Plan Apo Lambda (oil) 60x 1.40 NA WD 0.13mm. Cells were mounted on 2% MAUL 
agarose pads. Images were acquired every 2 min. 15 z-slices at 0.4 µm intervals were 
acquired at each time point. Sum projections were analyzed and used for representative 
images. Sum projections were corrected for background fluorescence before quantitation. 

To visualize nuclei and septa, cells were grown to log phase at 32°C and fixed 
with ice-cold 70% ethanol at 4°C for at least 30 min. Approximately 0.5 OD of fixed 
cells were washed once with PBS pH 7.5 and then incubated in 50 µl 1 mg/ml Methyl 
Blue (Sigma; M6900) for 30 min at RT. MB-stained cells were concentrated by 
centrifugation and mixed with 5 µg/ml DAPI (Sigma; D9542) in 1:1 ratio immediately 
prior to imaging.  

For visualizing tip septa, approximately 0.5 OD of fixed cells were washed once 
with PBS, pH 7.5 and then resuspended in 20 µl of 50 µg/ml Calcofluor White (Sigma; 
18909) and incubated at room temperature for 5 minutes. Then, cells were washed once 
with PBS and imaged immediately. 

Image analysis was performed using ImageJ software (Schindelin et al., 2012).  
 

Protein methods 
Cell pellets were snap-frozen in dry ice–ethanol baths. Denatured lysates were 

prepared by bead disruption (Fastprep cell homogenizer; MP Biomedicals) in NP-40 
buffer containing SDS as previously described (Gould et al., 1991), except with the 
addition of 0.5 mM diisopropyl fluorophosphates (Sigma-Aldrich). Additionally, any 
studies of Pxl1 excluding chelators (e.g. EDTA). 

For immunoprecipitation and lambda phosphatase collapse, lysates were 
incubated with anti-Cdc15 (Roberts-Galbraith et al., 2009) or anti-HA (12CA5) and 
Protein A magnetic beads or sepharose (GE Healthcare; 17-5280-04) for 2 h at 4°C. 
Beads were washed three times with NP-40 buffer and two times with phosphatase buffer 
(150 mM NaCl, 50 mM Hepes pH 7.4) before being split in two and added to either 
lambda phosphatase reaction or control. Lambda phosphatase collapse was performed 
according to manufacturer’s protocol (New England Biolabs; P0753). Reactions were 
stopped by the addition of sample buffer. 

Protein samples were resolved by SDS-PAGE and transferred to polyvinylidene 
fluoride (PVDF) membrane (Immobilon P, EMD Millipore). Anti-α-tubulin (B512) 
mouse monoclonal antibody (Sigma-Aldrich), anti-Cdc2 (PSTAIRE) mouse monoclonal 
antibody (Sigma-Aldrich; P7962), anti-HA rabbit monoclonal (12CA5), or anti-Cdc15(1-
405) rabbit polyclonal antibody (Roberts-Galbraith et al., 2009) were used in 
immunoprecipitations and/or as primary antibodies in immunoblotting. Secondary 
antibodies were conjugated to IRDye800 or IRDye680 (LI-COR Biosciences). Blotted 
proteins were detected via an Odyssey machine (LI-COR Biosciences).   
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Recombinant protein purification  
Glutathione-S-transferase (GST) and maltose binding protein (MBP) fusion 

proteins were produced in Escherichia coli Rosetta2(DE3)pLysS cells. Bacteria were 
grown in Terrific Broth media (Tartoff and Hobbs, 1987) with antibiotics to log-phase 
(OD595 1-1.5) at 36°C. Then, induction was initiated by incubating for 15 minutes on ice 
before adding 0.4 mM IPTG (Fisher Scientific; BP1755). Protein was produced for 16-18 
hours at 18°C.  

Frozen cell pellets were lysed in either MBP buffer (20 mM Tris-HCl pH 7.4, 150 
mM NaCl, 1 mM EDTA, 1 mM DTT) or GST buffer (4.3 mM NaHPO4, 137 mM NaCl, 
2.7 mM KCl, 1 mM DTT) with the addition of 200 µg/ml lysozyme (Sigma-Aldrich; 
L6876), cOmpleteTM EDTA-free protease inhibitor cocktail (Roche), and 0.1% NP-40 
(US Biologicals; N3500). For purifying Pxl1, all buffers were modified to exclude 
chelators (i.e. EDTA). Continuous agitation on ice for 20 minutes was used to suspend 
the cell pellet. Then, lysates were sonicated three times for 30 seconds, with at least 30 
seconds pause between sonications (Sonic Dismembrator Model F60, Fisher Scientific; 
power 15 watts). Lysates were cleared for 15-30 minutes at 10-13K rpm.  

Cleared lysate was then used in a batch purification protocol by adding to either 
amylose (New England Biolabs, Inc.; E8021L) or GST-bind (EMD Millipore; 70541) 
resin for 2 hours at 4°C. Then, resin was washed three times for 5 minutes at 4°C with the 
appropriate buffer. To elute proteins from beads, dry beads were resuspended in equal 
volume of appropriate elution buffer and nutated for 30 minutes at 4°C. MBP fusion 
proteins were eluted in MBP buffer supplemented with 10 mM maltose (Fisher Scientific; 
M75-100) and GST proteins were eluted in GST elution buffer (50 mM Tris-HCl pH 8, 
10 mM glutathione (Sigma-Aldrich; G4251). The supernatant was separated from the 
resin to a fresh tube. 100 mM NaCl was added to GST fusion proteins. Eluted fusion 
proteins were then aliquoted, snap frozen, and stored at -80°C.  

Protein concentration was calculated from Coomassie Brilliant Blue G (Sigma-
Aldrich; B0770) staining of SDS-PAGE-separated purified proteins and Bovine Serum 
Albumin (BSA) standards (Sigma-Aldrich). 
 

In vitro kinase assays  
Radioactive in vitro kinase assays were performed in 30 mM Tris pH 8, 100 mM 

NaCl, 10 mM MgCl2, 1 mM EGTA, 10% glycerol, 1 mM DTT, 10 µM ATP, and 2 µCi 
[32P]-ATP (PerkinElmer BLU002250UC) with 0.5 µg GST-Pom1 and 2 µg substrate in a 
25 µl reaction. After 30-min at 30°C, reaction was stopped by boiling in sample buffer 
and analyzed by SDS-PAGE. Inputs were detected by Coomassie Blue (Sigma-Aldrich; 
B0770) and 32P incorporation was detected by autoradiography.  

Cold kinase assays for the identification of phosphorylation sites were performed 
the same way except without hot ATP, with 40 mM ATP, and in 1 µl final volume. A 
second dose of GST-Pom1 was added after 45 min and the reaction arrested after 90 min.  
 

Phosphoaminoacid analysis 
In vitro kinase assays were performed as described above, except that after SDS-

PAGE proteins were transferred to PVDF membranes (Immobilon P; EMD Millipore). 
Proteins were visualized by staining membrane with REVERTTM Total Protein stain (LI-
COR Biosciences). Then, bands corresponding to the substrate were cut from the 
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membrane. Membrane-bound proteins were subjected to partial acid hydrolysis using 
boiling 6M HCl for 1 hr. Hydrolyzed amino acids were separated by two-dimensional 
thin-layer electrophoresis (van der Geer and Hunter, 1994).  
 

Phosphorylation site identification by mass spectrometry 
TCA-precipitated proteins were digested and analyzed by two-dimensional liquid 

chromatography/tandem mass spectrometry as described previously (Chen et al., 2013), 
except that the following modifications were made. Proteins were digested by trypsin, 
chymotrypsin, and elastase. The number of salt elution steps was reduced to 6 (i.e., 0, 25, 
50, 100, 600, 1000, and 5000 mM ammonium acetate). Peptide identifications were 
filtered and assembled using Scaffold (version 4.8.4; Proteome Software) and 
phosphorylation sites were analyzed using Scaffold PTM (version 3.1.0) using the 
following filters: minimum of 99% protein identification probability, minimum of five 
unique peptides, minimum of 95% peptide identification probability.  
 

Statistical analysis 
Statistical analysis was performed using Prism (GraphPad). 
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