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Abstract 
 

At the onset of anaphase, changes in microtubule behavior lead to the stabilization of the 

mitotic spindle.  Changes in the phosphorylation of microtubule-associated proteins are 

thought to be important for anaphase spindle stability.  Here we identify the budding 

yeast protein Fin1 as a microtubule-stabilizing protein whose activity is strictly limited to 

anaphase by changes in its phosphorylation state and rate of degradation.  

Phosphorylation of Fin1 from S phase to early mitosis, by the cyclin-dependent kinase 

Clb5-Cdk1, inhibits Fin1 association with the spindle.  In anaphase, when Clb5-Cdk1 is 

inactivated, Cdc14-dependent dephosphorylation of Fin1 targets it to the poles and 

microtubules of the elongating spindle, where it contributes to spindle integrity.  A 

nonphosphorylatable Fin1 mutant (Fin15A) localizes to the spindle before anaphase and 

impairs efficient chromosome segregation.  As cells complete mitosis and disassemble 

the spindle, the ubiquitin ligase APCCdh1 targets Fin1 for destruction.   

To identify regions of Fin1 that are important for its localization and function, we 

characterized a series of Fin1 truncations.  Fin1 mutants containing the N-terminal Cdk1 

consensus sites, but lacking the C-terminal predicted coiled-coil domains, localized to 

spindle pole bodies (SPBs), but not along spindle microtubules. These mutants failed to 

self-associate and showed reduced binding to microtubules in vitro, yet were functional 

in vivo and stabilized anaphase spindles.  Deletion of the Fin1 C-terminus suppressed the 

lethal phenotypes of Fin15A.  Our findings suggest that monomeric Fin1 at SPBs 

contributes to anaphase spindle stability, but that Fin1 multimerization and association 

with spindle microtubules are required for the lethal effects of Fin15A.   
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The cell cycle 
 
During cell reproduction a single cell duplicates its components and then divides into two 

genetically identical daughter cells.  This ordered series of events, referred to as the cell 

cycle, can be described in terms of distinct phases.  During the first stage of the cell 

cycle, S phase, the cell duplicates its chromosomes.  Protein complexes called cohesins 

localize along the duplicated chromosomes, or sister chromatids, and prevent their 

separation.  The second stage of the cell cycle, M phase, includes nuclear division 

(mitosis) and cell division (cytokinesis).  Mitosis is further divided into several stages.  

Between prophase and metaphase, a bipolar array of protein polymers called 

microtubules assembles to form the mitotic spindle, and sister chromatids attach to 

microtubules emanating from opposite spindle poles.  At the initiation of anaphase, the 

cohesion that holds sister chromatids together is relieved and the sisters separate.  Spindle 

elongation then pushes the spindle poles further apart and pulls the chromosomes to 

opposite ends of the cell.  Finally, during cytokinesis, contraction of an actin-myosin ring 

splits the mother cell into two daughter cells.  During G1 phase, the gap between M and S 

phase, cells grow and determine whether extracellular conditions favor entrance into the 

next cell cycle.  

 
The cell cycle control system 
 
Cells have evolved complex regulatory mechanisms to ensure the fidelity of cell division.  

These biochemical switches guarantee that the events of the cell cycle occur at the right 

time and in the correct order.  The core components of this regulatory control system are 

the Cyclin-dependent kinases (Cdks).  Cdks catalyze the transfer of phosphate from ATP 

to serines or threonines on protein substrates that control cell-cycle processes.  
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Phosphorylation of Cdk substrates can cause changes in protein activity, localization, 

conformation, or interaction partners. 

 Oscillations in the activity of Cdks drive progression through the cell cycle 

(Morgan 1997).  Activation of Cdks requires association with a regulatory subunit called 

a cyclin.  Eukaryotic cells express multiple cyclin subtypes that accumulate at different 

times in the cell cycle because they are transcribed and degraded at different rates.  Thus, 

different cyclin-Cdk complexes are active during different cell cycle stages, and they 

trigger distinct cell cycle events.  Phosphorylation of substrates by G1 cyclin-Cdks leads 

to the initiation of cell division, whereas S-phase cyclin-Cdk activity stimulates DNA 

replication.  Phosphorylation of substrates by M-phase cyclin-Cdks promotes entry into 

mitosis and spindle assembly.  A decline in cyclin-Cdk activity is required for the 

completion of mitosis and cytokinesis.   

 In budding yeast, a single Cdk, Cdk1 governs cell cycle progression in association 

with multiple cyclins (Lew, Weinert et al. 1997).  Cdk1 associates with the G1 cyclins 

Cln1-3 to initiate cell division, with the S-phase cyclins Clb5 and Clb6 to trigger DNA 

replication, and with the M-phase cyclins Clb1-4 to promote spindle assembly. (Figure 

1). 

Another key component of the cell cycle control system is the anaphase-

promoting complex (APC), an E3 ubiquitin ligase that triggers the metaphase-to-

anaphase transition.  This multi-subunit complex catalyzes the transfer of ubiquitin to 

protein substrates, which leads to their degradation by the proteasome.  In yeast, 

destruction of these substrates begins in metaphase, when the APC associates with its 

activator, Cdc20.  APCCdc20-mediated proteolysis of two critical substrates, securin (Pds1) 
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and cyclins, triggers the metaphase to anaphase transition and initiates exit from mitosis.  

Securin is an inhibitor of a protease called separase. APCCdc20-mediated 

destruction of securin relieves separase inhibition, allowing separase to cleave Scc1, a 

component of the cohesin complex that holds sister chromatids together.  Scc1 cleavage 

abolishes sister chromatid cohesion and causes sisters to separate, marking the initiation 

of anaphase.   

APCCdc20-mediated proteolysis of the S and M cyclins causes a decline in Cdk1 

activity that is important for proper regulation of anaphase and for the completion of 

mitotic events.  This decline in Cdk activity at anaphase onset leads to the inactivation of 

APCCdc20 and promotes the association of APC with its other activator, Cdh1.  APCCdh1 

remains active throughout G1, when it suppresses cyclin accumulation until cells are 

ready to begin a new cell cycle.   

 Dephosphorylation of Cdk substrates plays an important role in late mitotic 

events.  Cyclin destruction in late mitosis leads to a decline in Cdk activity, which 

increases the rate of substrate dephosphorylation.  In budding yeast, activation of a 

phosphatase called Cdc14 in late mitosis also contributes to substrate dephosphorylation.  

The importance of Cdc14-like phosphatases in higher eukaryotes is not clear.   

 

Identification of Cdk substrates  

Changes in the phosphorylation state of Cdk substrates drive progression through the cell 

cycle.  Until recently, however, few Cdk substrates had been identified and characterized. 

The development of analog sensitive kinase technology facilitated the discovery of a 

large number of Cdk substrates (Shah, Liu et al. 1997; Bishop, Ubersax et al. 2000; 
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Ubersax, Woodbury et al. 2003).  With this approach, a conserved hydrophobic residue 

near the kinase active site is mutated to glycine to create an expanded active site that can 

bind the bulky ATP analog N6-benzyl ATP or the bulky kinase inhibitor 1-NM-PP1.  

Since unmodified kinases cannot bind these analogs or inhibitors, kinase specific 

substrates can be identified with this technology.  

 Ubersax et al. used the analog sensitive technology to identify substrates of the 

yeast cyclin-dependent kinase, Clb2-Cdk1 (Ubersax, Woodbury et al. 2003).  Incubation 

of purified analog-sensitive Clb2-Cdk1 and radiolabeled N6-benzyl ATP with yeast 

extracts led to the identification of 181 proteins that are directly phosphorylated by Cdk1.  

These substrates included proteins involved in DNA replication (Orc2, Orc6, Sld2, 

Mcm3), spindle behavior (Ase1, Kar3, Slk19, Kip2, Kip3, Fin1), and mitotic exit (Lte1, 

Net1, Mob1, Dbf2).   

To confirm that these proteins are bona fide Cdk1 substrates, Ubersax et al. 

showed that several of the substrates were phosphorylated in vivo in a Cdk1-dependent 

manner.  This analysis required that the substrate displayed a phosphorylation-dependent 

mobility shift on a polyacrylamide gel.  Cells expressing analog-sensitive Cdk1 (Cdk1-

as1) were incubated with 1-NM-PP1 to inhibit Cdk1 activity, and the mobility shift of 

select substrates was analyzed.  Selective inhibition of Cdk1-as1 with 1-NM-PP1 

changed the mobility pattern of several proteins, indicating that phosphorylation of these 

proteins depends on Cdk1 function (Ubersax, Woodbury et al. 2003).   

The identification of Cdk1 substrates begs an analysis of the effects of 

phosphorylation on these proteins.  Unfortunately, the ability to characterize a substrate 

usually depends on whether the protein displays a phosphorylation-dependent gel 
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mobility shift.  This requirement limits the number of proteins than can be studied using 

present technologies.  Furthermore, identification of Cdk consensus phosphorylation sites 

that are important for regulation is tedious, and mutation of these sites often does not lead 

to an interesting biological phenotype.  Still, while characterization of Cdk substrates 

may be challenging, it has the potential to reveal new insights into how cell cycle events 

are coordinated.   

 

Cyclin specificity 

Different cyclin-Cdk complexes promote distinct cell cycle events.  S-phase cyclins 

promote DNA replication, whereas M-phase cyclins stimulate spindle assembly.  How 

can these specialized functions be explained?  In one view, cyclins simply act as on/off 

switches for the Cdk, and differences in the timing and level of cyclin expression 

accounts for their specialized functions (Fisher and Nurse 1996; Stern and Nurse 1996).  

An opposing view suggests that cyclins can directly influence the interaction of Cdks 

with specific substrates to achieve functional specialization.  In this view, cyclin 

specificity is achieved by multiple mechanisms, including specific cyclin-substrate 

interactions, and spatial regulation of cyclin localization (Miller and Cross 2001; Moore, 

Kirk et al. 2003).   

Support for cyclin specificity comes from recent experiments in budding yeast 

that demonstrate substrate preferences for different cyclin-Cdk complexes (Loog and 

Morgan 2005). When the rates of phosphorylation of Cdk substrates by the S-phase 

cyclin-Cdk complex Clb5-Cdk1 and the M-phase cyclin-Cdk complex Clb2-Cdk1 were 

compared, several Clb5-specific substrates were identified.  Among these substrates were 
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proteins involved in DNA replication (Orc6, Orc2, Mcm3, Cdc6, Sld2), spindle pole 

body function (Mps2, Spc110) and spindle stability (Ase1, Fin1).   

The mechanism of Clb5-Cdk1 specificity is in part explained by interactions 

between the cyclin and the Cdk substrate.  Substrate recognition by cyclin-Cdks is 

primarily mediated by a consensus phosphorylation site on the substrate (S/T P x K/R) 

and by the Cdk active site (Brown, Noble et al. 1999).  However, Clb5 contains an 

additional interaction module, the hydrophobic patch, which interacts with an RXL or Cy 

motif on the Cdk substrate (Adams, Sellers et al. 1996; Schulman, Lindstrom et al. 1998; 

Takeda, Wohlschlegel et al. 2001; Wilmes, Archambault et al. 2004).  Mutation of the 

Clb5 hydrophobic patch eliminates Clb5-Cdk1 substrate specificity (Loog and Morgan 

2005).  Furthermore, mutation of a KXL motif on one model substrate, Fin1, 

compromises its phosphorylation by Clb5-Cdk1.   

Cyclins may also functionally specialize Cdks by targeting them to specific sub-

cellular localizations.  Restricting the localization of a cyclin-Cdk complex would in turn 

limit the pool of accessible substrates that it could phosphorylate.  Indeed, the subcellular 

localization of specific cyclin-Cdk complexes correlates with their functional specificity 

(Miller and Cross 2000; Edgington and Futcher 2001; Miller and Cross 2001; Bailly, 

Cabantous et al. 2003). Furthermore, functional specialization is compromised when the 

localization of a cyclin is experimentally manipulated.   

 
The Anaphase Promoting Complex 
 

Ubiquitination-dependent proteolysis involves a multi-enzyme reaction cascade.  In the 

first step, an ubiquitin-activating enzyme (E1) covalently binds ubiquitin.  In the second 
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step, an E2 conjugating enzyme catalyzes the transfer of ubiquitin from the E1 to a 

cysteine residue on the E2.  Finally, the E3, an ubiquitin ligase, facilitates the transfer of 

ubiquitin from the E2 to a lysine residue on the target protein.  The processive activity of 

an E3 creates a substrate with multiple ubiquitins, which is recognized by the proteosome 

and destroyed.   

The budding yeast APC is a 13-subunit E3 ubiquitin ligase that regulates the 

metaphase-to-anaphase transition and exit from mitosis. APC activity depends on its 

sequential association with activators known as Cdc20 and Cdh1 (Fang, Yu et al. 1998; 

Schwab, Neutzner et al. 2001).  The APC catalytic core consists of a RING finger protein 

(APC11) and a cullin (APC2) (Gmachl, Gieffers et al. 2000; Leverson, Joazeiro et al. 

2000; Tang, Li et al. 2001).  The largest APC subunit, APC1, serves as a scaffold to hold 

the complex together (Thornton, Ng et al. 2006).  The Doc1 subunit acts as a processivity 

factor the APC (Carroll and Morgan 2002).  Three subunits, APC16, APC23, and APC27 

contain multiple tetracopeptide repeats (TPRs), and are thought to mediate activator 

binding to the APC (Vodermaier, Gieffers et al. 2003; Thornton, Ng et al. 2005).  The 

function of the remaining APC subunits has not been elucidated. 

Substrate recognition by the APC is often mediated by conserved amino acid 

sequences on the substrate.  The two most common motifs are the D-box (RxxLxxxxN) 

(Glotzer, Murray et al. 1991) and the KEN box (Pfleger and Kirschner 2000).  The APC 

activators Cdc20 and Cdh1 bind directly to these target sequences (Burton and Solomon 

2001; Hilioti, Chung et al. 2001; Pfleger, Lee et al. 2001; Schwab, Neutzner et al. 2001; 

Kraft, Vodermaier et al. 2005).  The APC core enzyme has also been shown to interact 

with the D-box motif, suggesting that substrates are targeted to the APC by multiple 
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mechanisms (Yamano, Gannon et al. 2004).   

In budding yeast, activation of APCCdc20 at the metaphase-to-anaphase transition 

leads to destruction of securin and a decline in cyclins, especially the S-phase cyclin 

Clb5.  Securin destruction promotes sister separation, and the decline in Cdk1 activity 

promotes dephosphorylation of Cdk substrates, including Cdh1 and Sic1, a Cdk inhibitor.  

Dephosphorylation of Cdh1 activates APCCdh1, which continues cyclin destruction, and 

dephosphorylation of Sic1 increases its stability.  Together, APCCdh1 and Sic1 activities 

lead to the complete inactivation of Clb2 and exit from mitosis. 

APCCdh1-mediated proteolysis of several other proteins is important for the 

completion of late mitotic events.  Among these substrates are two protein kinases, Cdc5 

and Hsl1, and several spindle-associated proteins (Cin8, Ase1 and Fin1) (Juang, Huang et 

al. 1997; Charles, Jaspersen et al. 1998; Shirayama, Zachariae et al. 1998; Burton and 

Solomon 2001; Hildebrandt and Hoyt 2001; Woodbury and Morgan 2007).  

Dephosphorylation of these substrates might be important for their recognition by the 

APC (L. Holt, personal communication). 

Substrate recognition by the APC is often mediated by conserved amino acid 

sequences on the substrate.  The two most common motifs are the D-box (RxxLxxxxN) 

(Glotzer, Murray et al. 1991) and the KEN box (Pfleger and Kirschner 2000).  The APC 

activators Cdc20 and Cdh1 bind directly to these target sequences (Burton and Solomon 

2001; Hilioti, Chung et al. 2001; Pfleger, Lee et al. 2001; Schwab, Neutzner et al. 2001; 

Kraft, Vodermaier et al. 2005).  The APC core enzyme has also been shown to interact 

with the D-box motif, suggesting that substrates are targeted to the APC by multiple 

mechanisms (Yamano, Gannon et al. 2004).   
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Cdc14 
 

In budding yeast, the dephosphorylation of Cdk substrates and exit from mitosis depends 

on activation of the phosphatase Cdc14 (Wan, Xu et al. 1992).  Cdc14 antagonizes Cdk1 

by removing phosphates on substrates that were added by Cdk1.  Activation of Cdc14 

occurs in two stages, one in early anaphase and one in late anaphase.  Prior to activation, 

Cdc14 is sequestered in the nucleolus by its inhibitor Net1 (Shou, Seol et al. 1999).  In 

early anaphase, activation of separase leads to down-regulation of PP2A, a phosphatase 

that dephosphorylates Net1 (Queralt, Lehane et al. 2006).  A decrease in PP2A leads to 

phosphorylation of Net1 by Cdk1 and partial release of Cdc14.  The released Cdc14 

dephosphorylates Cdk substrates that control the events of anaphase.  This activation of 

Cdc14 in early anaphase is referred to as the FEAR network (Stegmeier, Visintin et al. 

2002).  Additional proteins implicated in the FEAR network include Slk19, Spo12 and 

Cdc5. 

 Cdc14 is fully activated later in anaphase by a signaling cascade called the mitotic 

exit network (MEN).  The components of the mitotic exit network include Tem1, Lte1, 

Bub2/Bfa1, Cdc15 and Mob1/Dbf2.  Tem1 is a small GTPase whose activity is regulated 

by its nucleotide-bound state.  Lte1 is a guanine-nucleotide exchange factor that 

stimulates Tem1 activity, whereas Bub2/Bfa1 is a GTPase-activating protein that inhibits 

Tem1 activity.  Cdc15 and Mob1/Dbf2 are both protein kinases. 

The MEN is partially activated by FEAR-released Cdc14, which 

dephosphorylates Cdc15.  Phosphorylation of Bub2/Bfa1 by the polo-like kinase Cdc5 is 

also thought play a role in the initiation of the mitotic exit network by causing an increase 
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in Tem1 activity.  Tem1-GTP activates Cdc15, which then stimulates Mob1/Dbf2 kinase 

activity.  Mob1/Dbf2 then activates Cdc14 by an unknown mechanism.  Complete 

activation of Cdc14 by the mitotic exit network is required for dephosphorylation of 

Cdh1 and Sic1 and exit from mitosis (Bardin and Amon 2001). 

 
Microtubules 
 
The mitotic spindle is a remarkable structure that provides the forces for chromosome 

segregation.  Microtubules, the principle structural elements of the mitotic spindle, are 

polymers composed of self-assembling a and b tubulin heterodimers. These heterodimers 

join head to tail to form a protofilament, and 13 protofilaments align in parallel to create 

a single microtubule.  The head to tail arrangement of tubulin dimers results in a polar 

structure with two distinct ends.  The end with exposed a tubulin is called the minus end, 

and the end with exposed b tubulin is called the plus end.  Microtubules grow and shorten 

by addition or removal of tubulin dimers from the ends.  The two ends grow at different 

rates: the fast-growing end is the plus end, and the slow-growing end is the minus end. 

 a and b tubulin are both GTPases that bind and hydrolyze GTP to GDP.  In the 

context of the microtubule structure, the GTP that is bound to a tubulin is trapped by the 

dimer interface and is never exchanged or hydrolyzed to GDP.  By contrast, the GTP 

bound to b tubulin can be hydrolyzed and exchanged.  Free tubulin has intrinsically low 

GTPase activity, and therefore exists mainly in the GTP bound form.  However, the 

binding of tubulin to the microtubule end stimulates the GTPase activity of b tubulin.  

Hydrolysis of the GTP bound to b tubulin results in a change in the conformation of 

tubulin.  In its new conformation, GDP-tubulin has a lower affinity for the microtubule, 

and thus dissociates from the microtubule end.   
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 The differences in the affinity of GTP-tubulin and GDP-tubulin for microtubule 

ends leads to an interesting microtubule behavior called dynamic instability.  Dynamic 

instability describes the tendency of microtubules to switch between periods of rapid 

growth and rapid shortening.  At high tubulin concentrations, the rate of GTP-tubulin 

addition exceeds the rate of GTP hydrolysis, and the microtubule rapidly grows.  At 

lower tubulin concentrations, the rate of GTP-tubulin addition rivals the rate of GTP 

hydrolysis, and GDP-tubulin dissociates from microtubule ends.  This leads to rapid 

shortening of the microtubule.  The switch from growth to shortening is termed 

catastrophe, and the switch from shortening to growth is called rescue.  Dynamic 

instability of microtubules is important for the function of the mitotic spindle.  

 

The spindle cycle 

The mitotic spindle is a bipolar array of microtubules and associated proteins that 

provides the forces for chromosome segregation.  In budding yeast, each end of the 

spindle is anchored by an organelle called the spindle pole body (SPB), which resides in 

the nuclear envelope.  The SPB contains a specialized form of tubulin, g-tubulin, that 

nucleates microtubules.  The minus ends of microtubules are embedded in the SPB, and 

the plus ends grow outward.   

Spindle microtubules are organized into three classes; kinetochore microtubules, 

interpolar microtubules, and astral microtubules.  Kinetochore microtubules attach to 

sister chromatids with the help of a multi-protein complex called the kinetochore.  In 

yeast, each spindle pole nucleates 16 kinetochore microtubules, one for each sister 

chromatid (Winey, Morgan et al. 2005).   Interpolar microtubules link the two halves of 
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the spindle by overlapping with each other at the spindle midzone.  The number of 

interpolar microtubules in yeast spindles changes during the cell cycle.  Metaphase 

spindles extend six interpolar microtubules from each SPB, and in anaphase the number 

is reduced to two per SPB (Winey and O'Toole 2001; Winey, Morgan et al. 2005).  Astral 

microtubules radiate away from the spindle to the cell cortex, and function to position the 

spindle and the nucleus along the mother-bud axis.   

The spindle undergoes dramatic changes as the cell progresses through the cell 

cycle.  Cells in G1 contain a single SPB, which nucleates cytoplasmic and nuclear 

microtubules.  In late G1 or early S phase the SPB duplicates, and nuclear and 

cytoplasmic microtubules associate with each SPB.  The duplicated SPBs are arranged 

side by side and connected by a bridge structure.  When this bridge is severed, SPBs 

separate, and a bipolar spindle is formed.  Metaphase is marked by the bipolar attachment 

of chromosomes to spindle microtubules.  The dynamic instability of microtubules 

facilitates this process by searching for and capturing chromosomes at their kinetochores.  

Yeast metaphase spindles are short (1-2 mm), and chromosomes do not seem to align at 

the spindle midzone in yeast, as they do in higher eukaryotes.  When the spindle 

elongates to 8-10 mm in anaphase, the chromosomes segregate to opposite ends of the 

cell.  Chromosome segregation is facilitated by two different anaphase spindle behaviors.  

In anaphase A, kinetochore microtubules shorten and sister chromatids are pulled to 

opposite spindle poles.  In anaphase B, interpolar microtubules elongate, increasing the 

distance between spindle poles and separated sister chromatids.  At the end of mitosis the 

mitotic spindle is disassembled and the cell is divided into two new cells. 

 
Proteins that control spindle behavior 
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Microtubule behavior in vivo is influenced by the activity of motor proteins and other 

microtubule-associated proteins (MAPs).  These factors often act to cross-link, stabilize 

or depolymerize microtubules.  The following discussion focuses on several budding 

yeast motor proteins and MAPs that affect mitotic spindle behavior. 

 

Kinesin motors (Kip2, Kip3, Kar3, Cin8, Kip1) 

 Kinesin motor proteins use the energy of ATP hydrolysis to translocate along 

microtubules.  The motor domain of kinesins contains both ATP-binding sites and 

microtubule binding sites.  Kinesin motors are often used for intracellular transport, and 

microtubules serve as their road to move along.  However, substantial evidence suggests 

that kinesin motors can also interact with microtubules in more active ways and affect 

microtubule dynamics.  Studies on the budding yeast kinesins Kip2, Kip3, Kar3, Cin8 

and Kip1 illustrate how motor proteins can influence microtubule behavior. 

Kip2 is a microtubule-stabilizing protein involved in spindle positioning  (Huyett, 

Kahana et al. 1998).  Deletion of Kip2 causes a reduction in the number of cytoplasmic 

microtubules, whereas over-expression of Kip2 results in an increase in the length of 

cytoplasmic microtubules (Cottingham, Gheber et al. 1999).  

Kip3 is a plus end directed motor and a plus end specific depolymerase (Gupta, 

Carvalho et al. 2006).  Kip3 plays a role in kinetochore microtubule dynamics, spindle 

stability and nuclear positioning (Straight, Sedat et al. 1998; Gupta, Carvalho et al. 2006; 

Tytell and Sorger 2006).  Cells lacking Kip3 show an increase in the duration of anaphase 

and an increase in the length of the spindle prior to disassembly, suggesting that Kip3 is 

important for the timing of spindle disassembly (Straight, Sedat et al. 1998).  Kip3 affects 
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cortical microtubule dynamics by promoting catastrophe and pausing, and inhibiting 

microtubule growth (Gupta, Carvalho et al. 2006). 

Like Kip3, Kar3 promotes microtubule depolymerization.  Kar3 is a minus end 

directed kinesin motor that localizes to the SPB (Zeng, Kahana et al. 1999).  Kar3 

movement to the minus ends causes depolymerization of microtubules from the plus end 

(Sproul, Anderson et al. 2005).  Deletion of Kar3 increases the length of cytoplasmic 

microtubules and metaphase spindle microtubules (Saunders, Hornack et al. 1997; 

Huyett, Kahana et al. 1998).  

Cin8 and Kip1 are functionally redundant kinesin motors that facilitate bipolar 

spindle assembly and spindle elongation (Hoyt, He et al. 1992; Saunders and Hoyt 1992).  

These proteins form tetrameric complexes that bind and crosslink interpolar microtubules 

from opposite spindle poles (Gheber, Kuo et al. 1999; Hildebrandt, Gheber et al. 2006).  

Plus-end directed movement of these motors provides the force to push microtubules 

poleward and therefore separate spindle poles.   

 

Dynein (Dyn1) 

Cytoplasmic dynein is a minus-end directed motor protein that affects spindle positioning 

and contributes to spindle assembly and elongation.  Dynein facilitates microtubule 

interactions with other proteins at various cellular locations during the cell cycle.  In the 

absence of dynein, astral microtubules become less likely to depolymerize when they 

reach the cell cortex (Carminati and Stearns 1997).  Surprisingly, overexpression of 

dynein causes an increase in the length and bundling of astral microtubules (Shaw, Yeh et 

al. 1997).  In both cases, the presence of elongated astral microtubules results in mis-
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positioning of the mitotic spindle.  The mechanism by which dynein influences 

microtubule dynamics is not well understood, and likely depends on the association of 

dynein with other MAPs. 

 

Slk19 

Slk19 is a kinetochore-localized protein that also associates with the spindle midzone in 

anaphase.  Slk19 plays a role in spindle assembly and spindle stability.  Cells lacking 

Slk19 have short spindle microtubules and an increased number of astral microtubules 

(Zeng, Kahana et al. 1999).  Metaphase spindles in cells lacking Slk19 show large 

oscillations in their length, suggesting that Slk19 may contribute to the regulation of 

spindle dynamics (Zhang, Lim et al. 2006).   

 

Ase1 

Ase1 is microtubule-stabilizing protein that localizes to the spindle midzone and 

functions in spindle assembly, elongation and stability. Ase1 is thought to promote 

microtubule stability by forming a dimer and crosslinking interpolar microtubules.  In the 

absence of Ase1, spindles disassemble prematurely, and overexpression of Ase1 can 

drive spindle elongation (Schuyler, Liu et al. 2003).  APC-mediated proteolysis of Ase1 

promotes timely spindle disassembly and cytokinesis (Juang, Huang et al. 1997; Norden, 

Mendoza et al. 2006). 

 

Stu1 

Stu1 is a microtubule-binding protein that participates in the assembly and maintenance 
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of the bipolar spindle.  In the absence of Stu1, spindle poles fail to completely separate, 

suggesting that Stu1, like Cin8 and Kip1, is a force-generating protein.  Stu1 self-

associates and localizes to interpolar microtubules at the spindle midzone (Yin, You et al. 

2002).  The effects of Stu1 activity on microtubule dynamics have yet to be 

experimentally addressed. 

 

Bim1 

Bim1 is a microtubule plus end interacting protein (+TIP) that localizes to the tips of 

cytoplasmic microtubules, along spindle microtubules, and to SPBs (Tirnauer, O'Toole et 

al. 1999).  Together with Kar9, Bim1 links astral microtubules to the cell cortex and 

positions the spindle in the bud neck (Korinek, Copeland et al. 2000; Lee, Tirnauer et al. 

2000).  Bim1 also promotes microtubule dynamic instability.  In G1 cells lacking Bim1, 

cytoplasmic microtubules are shorter and less dynamic.  Microtubules spend extended 

periods of time in a paused state, exhibit a lower shrinkage rate, and a fewer number of 

rescues and catastrophes (Tirnauer, O'Toole et al. 1999). 

 

Stu2 

Stu2 is a plus end interacting protein that is essential for viability in yeast. Loss of Stu2 

impairs spindle orientation, inhibits anaphase spindle elongation, and decreases the 

dynamics of pre-anaphase spindles.  In the absence of Stu2, microtubules spend more 

time in a paused state and show a reduced frequency of catastrophies and rescues (Kosco 

et al., 2001; Wolyniak et al., 2006).  
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Bik1 

Bik1 is a member of the CLIP family of plus end binding proteins.  Like Bim1 and Stu2, 

Bik1 associates with the plus ends of cytoplasmic microtubules and along spindle 

microtubules (Lin et al., 2001).  Cells lacking Bik1 have shorter cytoplasmic 

microtubules and fail to properly orient the spindle (Berlin et al., 1990).  Analysis of 

microtubule dynamics in cells lacking Bik1 revealed a decrease in growth and shrinkage 

rates and an increase in pausing (Wolyniak et al., 2006).   

 

Regulation of spindle dynamics 

The faithful segregation of chromosomes during mitosis requires precise 

regulatory control of spindle microtubule dynamics. During metaphase, microtubules 

exhibit high dynamic instability, which facilitates the search and capture of chromosomes 

at their kinetochores.  At the onset of anaphase, microtubule dynamics are silenced and 

the spindle is stabilized,  ensuring the fidelity of chromosome segregation.  These 

changes in microtubule dynamics are thought to depend on regulated changes in proteins 

that control the behavior of microtubules and their attachment to kinetochores.  In 

particular, cell cycle-regulated changes in the phosphorylation state of Cdk substrates 

probably contribute to the control of anaphase spindle behavior. 

Considerable evidence supports the importance of Cdk substrate 

dephosphorylation in normal anaphase spindle behavior.  This evidence comes primarily 

from experiments in which Cdk inactivation was blocked, thereby preventing substrate 

dephosphorylation.  In rat kidney cells, expression of a non-destructible cyclin B allows 

normal chromosome separation but causes abnormal chromosome movements and 



 19 

prevents microtubule bundling during anaphase (Wheatley et al., 1997). Similarly, in 

Drosophila, sustained cyclin B expression results in defective anaphase chromosome 

movements and spindle elongation (Parry and O’Farrell 2001; Parry et al., 2003).   

Experiments in budding yeast are consistent with the notion that 

dephosphorylation of Cdk targets is required for normal anaphase spindle function 

(Uhlmann et al., 2000; Higuchi and Uhlmann, 2005).  In these experiments, cells were 

arrested in metaphase by inhibition of the APC, and chromosome segregation was 

triggered in the absence of separase activity by the artificial cleavage of Scc1, a 

component of the cohesin complex that mediates sister-chromatid cohesion.  Scc1 

cleavage in these cells initiates anaphase A and B, but chromosome movements and 

spindle elongation are abnormal and spindle stability is compromised.  Since these 

artificial anaphase cells lack APC and separase activity, these results argue that proper 

anaphase spindle behavior requires activation of the APC, separase, or both. 

In budding yeast, separase and APC activities provide two independent means of 

ensuring rapid Cdk substrate dephosphorylation at the metaphase-to-anaphase transition.  

Separase promotes substrate dephosphorylation by activating the phosphatase Cdc14 in 

early anaphase.  APCCdc20 activation at this time promotes substrate dephosphorylation by 

triggering Clb5 destruction and thus inactivation of Clb5-Cdk1.  It might therefore be 

predicted that normal anaphase spindle behavior requires Cdc14-dependent 

dephosphorylation of Clb5-Cdk1-specific substrates with spindle-stabilizing abilities.  

According to this hypothesis, phosphorylation of spindle-stabilizing factors by Clb5-

Cdk1 in S phase and early mitosis could inhibit their activities.  At the onset of anaphase, 

dephosphorylation of these substrates, resulting from the combined effects of Clb5 
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destruction and Cdc14 activation, would then lead to their activation, resulting in 

stabilization of the anaphase spindle (Figure 2). 

Several spindle-associated proteins are potential Cdk substrates whose 

localization and activity could be regulated by dephosphorylation. One such protein, 

INCENP/Sli15, is a regulatory subunit of the Aurora B kinase.  During metaphase, the 

INCENP-Aurora B complex is found at kinetochores, but at anaphase its localization 

shifts to the spindle midzone, where it appears to stabilize interpolar microtubules of the 

anaphase spindle.  In animal cells, the transfer of Aurora B to the spindle midzone is 

blocked by the expression of non-destructible cyclin mutants (Parry et al., 2001).  In 

budding yeast, Sli15 is a Cdk1 target that is dephosphorylated by Cdc14 in anaphase.   

Dephosphorylation is required to localize Sli15 to the spindle midzone and to promote 

anaphase spindle stability (Pereira and Schiebel, 2003).  

In the work presented in this thesis, we identify the budding yeast protein Fin1 as 

a candidate for the phosphorylation-dependent control of spindle stability.  Fin1 is a 

coiled-coil protein that co-localizes with the spindle in large budded cells (van Hemert et 

al., 2002).  Previous work showed that Fin1 is a highly specific target for Clb5-Cdk1 and 

is phosphorylated in early mitosis and then abruptly dephosphorylated in anaphase (Loog 

and Morgan, 2005). Phosphorylation of Fin1 prevents its association with the spindle in 

early mitosis, and Fin1 dephosphorylation in anaphase targets it to the spindle, where it 

helps promote spindle stability (Woodbury and Morgan 2007) (Figure 3). 
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Figure 1.  Cdk1 drives progression through he S. cerevisiae cell 

cycle. 

A single Cdk, Cdk1, associates with multiple cyclins to drive cell cycle progression in 

budding yeast.  During G1, Cdk1 associates with the G1 cyclins (Cln 1-3) to commit to a 

new division cycle and to activate the S-phase cyclins.  Initiation of DNA replication in S 

phase is triggered by the activity of Cdk1 associated with S-phase cyclins (Clb5 and 

Clb6).  Cdk1 associates with the M-phase cyclins (Clb 1-4) to promote entry into mitosis 

and spindle assembly.  Inactivation of Cdk1 is required for completion of mitosis, 

cytokinesis, and entry into the next G1. 
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Figure 2.  Regulation of spindle dynamics at the metaphase-to-

anaphase transition. 

At the metaphase-to-anaphase transition, Clb5-Cdk1 activity declines due to APC-

mediated destruction of Clb5. Cdc14 activity increases as a result of Cdc14 release by the 

FEAR network.  The decrease in Cdk activity and increase in Cdc14 activity leads to 

dephosphorylation of Cdk substrates that regulate the events of anaphase.  Stabilization 

of the spindle at the onset of anaphase is likely regulated by changes in the 

phosphorylation state of Clb5-Cdk1 substrates that affect microtubule behavior.   
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Figure 3.  Clb5-Cdk1 and Cdc14 regulate Fin1 activity. 

In S phase and metaphase Fin1 is phosphorylated by Clb5-Cdk1.  Phosphorylated Fin1 is 

inactive and appears diffuse in the nucleus of cells.  At the onset of anaphase, a decrease 

in Clb5-Cdk1 activity and an increase in Cdc14 activity leads to dephosphorylation of 

Fin1.  Non-phosphorylated Fin1 localizes to the spindle where it contributes to spindle 

stability.   
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Cdk and APC activities limit the spindle-stabilizing function of 

Fin1 to anaphase 
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The fidelity of chromosome segregation depends on proper regulation of mitotic 

spindle behavior. In anaphase, spindle stability is promoted by the 

dephosphorylation of cyclin-dependent kinase (Cdk) substrates, which results from 

Cdk inactivation and phosphatase activation (Wheatley, Hinchcliffe et al. 1997; 

Parry and O'Farrell 2001; Parry, Hickson et al. 2003; Higuchi and Uhlmann 2005). 

Few of the critical Cdk targets have been identified (Parry, Hickson et al. 2003; 

Pereira and Schiebel 2003; Zhu, Lau et al. 2006). Here we identify the budding yeast 

protein Fin1 (van Hemert, Lamers et al. 2002) as a spindle-stabilizing protein whose 

activity is strictly limited to anaphase by changes in its phosphorylation state and 

rate of degradation. Phosphorylation of Fin1 from S phase to metaphase, by the 

cyclin-dependent kinase Clb5-Cdk1, inhibits Fin1 association with the spindle.  In 

anaphase, when Clb5-Cdk1 is inactivated, Fin1 is dephosphorylated by the 

phosphatase Cdc14. Fin1 dephosphorylation targets it to the poles and microtubules 

of the elongating spindle, where it contributes to spindle integrity. A 

nonphosphorylatable Fin1 mutant localizes to the spindle before anaphase and 

impairs efficient chromosome segregation. As cells complete mitosis and disassemble 

the spindle, the ubiqutin ligase APCCdh1 targets Fin1 for destruction.  Our studies 

illustrate how phosphorylation-dependent changes in the behavior of Cdk1 

substrates influence complex mitotic processes. 

Fin1 was originally identified as a coiled-coil protein that, when overexpressed, 

co-localizes with the spindle in large-budded cells (van Hemert, Lamers et al. 2002). In 

addition, our recent studies identified Fin1 as a highly specific substrate of Clb5-Cdk1 

(Ubersax, Woodbury et al. 2003; Loog and Morgan 2005). We therefore hypothesized 
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that Fin1 might have a spindle-regulatory function that is controlled by Cdk1-dependent 

phosphorylation. To address this possibility, we analyzed Fin1 levels and 

phosphorylation state during the cell cycle. As in our previous studies (Loog and Morgan 

2005), we found that Fin1 first appeared in S phase as a fully phosphorylated protein and 

remained phosphorylated through early mitosis (Fig. 1a). As cells entered anaphase, Fin1 

was dephosphorylated and then disappeared as cells entered G1. Fin1 phosphorylation 

correlated with levels of the cyclin Clb5, consistent with our previous evidence that Fin1 

phosphorylation in vivo depends primarily on Clb5-Cdk1 and not Clb2-Cdk1 (Loog and 

Morgan 2005). 

Because Fin1 was rapidly dephosphorylated at the onset of anaphase, we reasoned 

that it might be a substrate for Cdc14, a phosphatase that is activated in early anaphase 

and is known to dephosphorylate other Cdk targets (D'Amours and Amon 2004). 

Consistent with this possibility, dephosphorylation of Fin1 was delayed and incomplete 

in cdc14-1 cells at the restrictive temperature (Fig. 1a), and Fin1 was dephosphorylated 

by Cdc14 in vitro (Fig. 1b). These findings, together with our previous demonstration that 

Fin1 is a Clb5-specific Cdk1 target (Loog and Morgan 2005), suggest that 

dephosphorylation of Fin1 in early anaphase results from the combined effects of a 

decline in Clb5-Cdk1 activity and a rise in Cdc14 activity. 

To determine if the phosphorylation state of Fin1 correlates with its spindle 

association, we monitored Fin1 localization during the cell cycle in a strain in which the 

endogenous FIN1 gene is tagged with 13 copies of the Myc epitope. Fin-13MYC was 

undetectable in unbudded cells. In 95% of cells with a short metaphase spindle and a 

detectable Fin1-13MYC signal, Fin1 appeared diffuse in the nucleus (Fig. 1c). In 100% 
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of anaphase cells with a detectable signal, Fin1 was focused at the spindle pole bodies, 

and in 44% of these cells, Fin1 was visible along the length of the anaphase spindle. 

Moderate overexpression of FIN1-GFP from the MET25 promoter yielded similar 

results, except that staining along the length of anaphase spindles was more pronounced 

(Fig. 1b), as seen in previous studies of overexpressed Fin1-GFP (van Hemert, Lamers et 

al. 2002). Thus, Fin1 localizes to the spindle only in anaphase, at the one time in the cell 

cycle that the protein is both present and unphosphorylated. These results are consistent 

with the hypothesis that dephosphorylation of Fin1 allows the protein to associate with 

the spindle. 

Fin1-13MYC appeared both at spindle pole bodies and diffuse in the nucleus of 

cdc14-1 cells arrested at high temperature (Fig. 1c). Fin1 was not detectable along the 

length of the spindle in any of these cells. Complete dephosphorylation of Fin1 by Cdc14 

is therefore required for its normal localization on the spindle. 

If dephosphorylation of Fin1 is a prerequisite for targeting it to the spindle, then a 

mutated Fin1 that cannot be phosphorylated should localize to the spindle prematurely. 

To test this hypothesis we constructed a version of Fin1 in which the five consensus 

Cdk1 phosphorylation sites are mutated to alanine (Fin15A). In contrast to wild-type Fin1, 

Fin15A did not display a gel mobility shift, suggesting that mutation of the five Cdk sites 

prevents phosphorylation of the protein (Fig. 2a). Fin15A was also not phosphorylated by 

purified Clb5-Cdk1 in vitro (data not shown). 

We were unsuccessful in numerous attempts to integrate FIN15A into the genome 

at either the FIN1 locus or the URA3 locus. Furthermore, conditional expression of 

FIN15A-GFP under control of either the MET25 (data not shown) or GALS promoter (Fig. 
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2b) was lethal. Fin15A is therefore a dominant lethal mutant.  

To assess whether expression of Fin15A causes an arrest at a specific cell cycle 

stage, we induced expression of FIN15A-GFP from the GALS promoter and counted the 

budding index over a period of nine hours. Compared to wild-type cells, cells expressing 

Fin15A-GFP exhibited a reduced growth rate (doubling time increased from 96 min. to 

162 min.) but did not uniformly arrest in a specific cell cycle stage (data not shown). To 

test the effects of Fin15A in a single cell cycle, we arrested cells in alpha factor and then 

induced the expression of Fin1-GFP or Fin15A-GFP. After release from the arrest, cells 

expressing Fin15A-GFP progressed normally through mitosis with normal spindle 

morphology. 

As predicted by our hypothesis that Fin1 dephosphorylation promotes its 

association with the spindle, conditionally-expressed Fin15A-GFP localized prematurely 

to spindles in cells progressing through the cell cycle from a G1 arrest. Whereas Fin1-

GFP was diffuse in the nucleus of S phase and metaphase cells, Fin15A-GFP localized to 

spindle pole bodies and metaphase spindles during these cell-cycle stages (Fig. 2c). 

Although expression of Fin15A in cycling cells seemed to have little effect on 

spindle structure, we found that its overexpression in metaphase-arrested cells resulted in 

striking spindle defects. We arrested cells in metaphase and then induced expression of 

FIN1-GFP or FIN15A-GFP from the GALS promoter.  After four hours, expression of 

Fin1-WT had no effect on spindles, but expression of Fin5A caused spindles to collapse 

with unseparated spindle poles and unusually long astral microtubules (Fig. 2d). 

We reasoned that expression of Fin15A in cycling cells promotes spindle defects 

that are not apparent by microscopy but which cause rare errors in chromosome 
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segregation that are lethal after many cell generations. We therefore tested the accuracy 

of chromosome segregation in Fin15A-expressing cells by chromosome loss assays. 

Because these assays cannot be performed with cells expressing a lethal protein, we 

analyzed the rate of chromosome loss after a transient, sublethal pulse of Fin15A 

expression. The chromosome loss rate of wild type cells was 10-3 per cell division, as 

calculated by a colony sectoring assay (Hieter, Mann et al. 1985) (Fig. 2e). A two-hour 

pulse of Fin1-WT expression had no effect on this rate, whereas a two-hour pulse of 

Fin15A expression resulted in a seven-fold increase in the frequency of chromosome loss 

per generation. The lethality of Fin15A in proliferating populations is therefore likely to 

result from errors in chromosome segregation, secondary to minor defects in spindle 

structure.   

The Fin1 localization pattern suggested that it might contribute to the stabilization 

of the anaphase spindle. Fin1 is not required for cell viability, and deletion of FIN1 

causes no discernable spindle defects. However, spindle stability is regulated by multiple 

factors, so it remained possible that loss of Fin1 was compensated by the activity of other 

proteins. We therefore tested for a genetic interaction between Fin1 and Ase1, a protein 

that localizes to the spindle midzone, bundles microtubules, and is known to help 

stabilize anaphase spindles (Juang, Huang et al. 1997; Schuyler, Liu et al. 2003). Cells 

lacking Ase1 are viable but display defects in spindle elongation (Schuyler, Liu et al. 

2003). We found that cells lacking both Fin1 and Ase1 are inviable, suggesting that these 

two proteins work through parallel pathways to regulate spindle stability. 

We directly tested the ability of Fin1 to stabilize spindles in an artificial anaphase 

system developed by Uhlmann and colleagues (Uhlmann, Wernic et al. 2000; Higuchi 
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and Uhlmann 2005). In this system, cells are arrested in metaphase by shutting off 

production of Cdc20, an essential activator of the anaphase-promoting complex (APC). 

Sister-chromatid separation is then triggered by induction of TEV protease, which 

cleaves an engineered site in Scc1, a component of the cohesin complex that mediates 

sister-chromatid cohesion. Sister chromatids move to the spindle poles in these cells, but 

spindle elongation is abnormal and spindles eventually break. These spindle defects are 

thought to result because cyclins are stable, Cdc14 is not activated, and Cdk1 substrates 

therefore remain phosphorylated in this arrest (Higuchi and Uhlmann 2005). We tested 

the ability of Fin1 to stabilize these artificial anaphase spindles. Fin1-WT, which is 

phosphorylated in this arrest (data not shown), failed to associate with or stabilize the 

anaphase spindle in these cells (Fig. 3). By contrast, Fin15A localized to the spindle and 

greatly reduced the frequency of spindle breakage. These results argue that non-

phosphorylated Fin1 can stabilize anaphase spindles, and that spindles in the TEV-

induced anaphase are unstable in part because Fin1 remains phosphorylated. 

Previous work showed that Ase1 is essential for the integrity of spindles in cells 

arrested in late mitosis by a mutation in CDC15 (Juang, Huang et al. 1997). To determine 

if deletion of FIN1 has a similar effect, we arrested fin1D cdc15-2 cells at the non-

permissive temperature and assessed spindle structure by immunofluorescence. In 

contrast to ase1D cdc15-2 cells, spindles in fin1D cdc15-2 cells remained intact (data not 

shown). Furthermore, GALS-dependent expression of either FIN1-GFP or FIN15A-GFP 

did not restore spindle integrity in ase1D cdc15-2 cells (data not shown). Ase1 and Fin1 

therefore appear to influence spindle stability by distinct mechanisms.  

To understand the mechanism by which Fin1 influences microtubule behavior, we 
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tested the ability of Fin1 to bind purified MTs. When we incubated yeast cell lysates with 

taxol-stabilized tubulin, Fin1-TAP pelleted with MTs (Fig. 4a). Recombinant Fin1-6HIS 

purified from bacteria also pelleted in the presence of purified MTs (Fig. 4b). Fin1 

binding to MTs was half-maximal between 0.13 and 0.25 mM tubulin. 

We also performed MT-binding experiments with purified Fin1 that was highly 

phosphorylated by Clb5-Cdk1 in vitro.  In multiple experiments, phosphorylation of Fin1 

did not significantly affect the affinity of Fin1 for microtubules (Fig. 4b). The ability of 

phosphorylation to block the association of Fin1 with the spindle in vivo is therefore 

likely to depend on other factors. 

We also tested the ability of Fin1 to protect MTs from dilution-induced 

disassembly. Taxol-stabilized MTs were serially diluted into a buffer lacking taxol, 

causing MTs to disassemble, as indicated by the increasing amount of tubulin in the 

supernatant at low tubulin concentrations (Fig. 4c). Addition of Fin1 (or phosphorylated 

Fin1, data not shown) to the diluted MTs reduced the extent of MT disassembly, 

suggesting that Fin1 has MT-stabilizing activity. 

We next addressed the mechanism underlying the disappearance of Fin1 at the 

end of mitosis (see Fig. 1a). We suspected that Fin1 destruction might depend on the 

ubiquitin ligase APC, which is activated in mitosis by sequential association with the 

activators Cdc20 and Cdh1. Activation of APCCdc20 triggers anaphase, after which 

APCCdh1 activation later in mitosis promotes mitotic exit and entry into G1 (Peters 2006). 

Because Fin1 disappears after anaphase and is absent from G1 cells, we reasoned that it is 

likely to be a substrate of APCCdh1 and not that of APCCdc20. We therefore tested whether 

APCCdh1 controls Fin1 levels in late mitosis and in G1. 
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We examined the stability of Fin1 in wild-type cells and cells with a temperature-

sensitive mutation in the essential APC subunit Cdc23.  Fin1 expression was induced for 

one hour in G1-arrested cells, which were then shifted to the restrictive temperature to 

inactivate Cdc23. Fin1 synthesis was repressed by addition of glucose and 

cycloheximide. Fin1 was fully degraded within fifteen minutes in wild-type cells, 

whereas in cdc23-1 cells Fin1 remained stable for over an hour (Fig. 5a). Thus, the 

instability of Fin1 in G1-arrested cells depends on APC activity.   

We next showed that the APC activator Cdh1 is required for degradation of Fin1 

as cells exit mitosis. cdc15-2 and cdc15-2 cdh1D! cells were arrested in late anaphase and 

then released from the arrest. In cells containing Cdh1, Fin1 disappeared just before 

spindles disassembled (Fig. 5b). In cells lacking Cdh1, Fin1 persisted even after spindles 

disassembled and cells entered G1. 

Spindle disassembly was very slightly delayed in cdh1D cells (Fig. 5b), 

suggesting that the destruction of Fin1 and other APCCdh1 targets, such as Ase1 (Juang, 

Huang et al. 1997), may contribute to but is not essential for spindle disassembly. 

To test directly whether Fin1 is an APCCdh1 substrate, we performed 

ubiquitination assays in vitro. An amino-terminal fragment of Fin1 (residues 1-152), 

transcribed and translated in vitro, was incubated with E2-ubiquitin conjugates and 

purified APCCdh1. A ladder of Fin1 protein appeared, representing Fin1 that is modified 

with an increasing number of ubiquitins (Fig. 5c). APCCdh1 therefore catalyzes the 

transfer of ubiquitin to Fin1. 

Substrate recognition by the APC often depends on a destruction box motif 

(RxxLxxxxN) (Glotzer, Murray et al. 1991; King, Glotzer et al. 1996), one of which is 
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found near the Fin1 N-terminus. We constructed a truncated Fin1 protein lacking the 

destruction box (Fin1-dbox, amino acids 15-152). In contrast to wild-type Fin1, 

incubation of Fin1-dbox with E2-ubiquitin and APCCdh1 did not result in ubiquitination 

(Fig. 5c), arguing that the Fin1 destruction box is required for ubiquitination by APCCdh1. 

We monitored the stability of Fin1-dbox in wild-type cells arrested in G1 with 

alpha factor, as in our earlier experiments (see Fig. 5a). Fin1-dbox was stable over the 

course of the experiment (60 minutes, data not shown), similar to wild-type Fin1 in 

cdc23-1 cells. 

We also analyzed Fin1 levels during the cell cycle in fin1D !cells expressing FIN1-

dbox under the control of its endogenous promoter. Fin1-dbox was present and 

unphosphorylated in G1 cells, accumulated phosphorylation in S phase and mitosis, and 

persisted as cells exited mitosis and entered the next G1 (Fig. 5d). DAPI and tubulin 

staining indicated that cell-cycle progression and spindle morphology were normal in 

cells expressing Fin1-dbox. 

Immunofluorescence of Fin1-dbox-13MYC in G1-arrested cells revealed that 

Fin1-dbox localized to the spindle pole body (data not shown). Similarly, when expressed 

from the GALS promoter, Fin1-dbox-GFP was found at the spindle pole and along astral 

microtubules (Fig. 5e). In contrast, wild-type Fin1-GFP expressed from the GALS 

promoter was undetectable in G1-arrested cells (data not shown). Expression of FIN1-

dbox-GFP from the GALS promoter in an asynchronous population had no effect on cell 

viability (data not shown). Our results indicate that deletion of the Fin1 destruction box 

stabilizes the protein from late mitosis through the following G1, when it localizes 

prematurely to the spindle pole and astral microtubules. 
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We conclude that Fin1 is a spindle-stabilizing protein whose function is inhibited 

outside anaphase by phosphorylation or APC-dependent destruction. Fin1 joins a small 

group of spindle proteins whose dephosphorylation in anaphase appears to influence their 

function. Cdc14-mediated dephosphorylation is required for the localization of Stu1 and 

Sli15, both spindle-stabilizing factors, on anaphase spindles (Pereira and Schiebel 2003; 

Higuchi and Uhlmann 2005). Ase1 and Stu2 are Cdk1 substrates whose interaction with 

the anaphase spindle might require changes in phosphorylation state (Ubersax, Woodbury 

et al. 2003). Ase1 is of particular interest because, like Fin1, it is a highly Clb5-specific 

Cdk1 substrate whose dephosphorylation is therefore expected to occur in anaphase 

(Loog and Morgan 2005). The human homolog of Ase1, PRC1, is a Cdk1 substrate 

whose dephosphorylation appears to promote its spindle-stabilizing function at the 

spindle midzone (Zhu, Lau et al. 2006). The regulation of spindle-associated proteins by 

dephosphorylation may be an important mechanism for achieving the rapid changes in 

spindle behavior that occur at the onset of anaphase. 

Our studies of Fin1 bring us a step closer to understanding the complex regulation 

of mitotic processes.  Cdks have long been considered master regulators of the cell cycle, 

and while many Cdk1 substrates have been identified, we understand little about how 

phosphorylation influences the behavior of these substrates. Phosphorylation-dependent 

regulation of Fin1 provides a clear demonstration of the ability of Cdks to temporally 

regulate protein localization and activity, and thus co-ordinate the dramatic changes that 

occur as cells progress through mitosis. 
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Methods 

Yeast strains and plasmids 

All yeast strains used were derivatives of W303, and grown at 30oC unless otherwise 

noted. Construction of epitope-tagged strains was performed as described (Longtine, 

McKenzie et al. 1998). Plasmids carrying FIN1-GFP under control of the MET25 and 

GALS promoters were constructed by cloning FIN1-GFP into plasmids p416MET25 and 

p416GALS, respectively (Mumberg, Muller et al. 1994). Mutation of FIN1 to FIN15A 

(S36A, S54A, T68A, S117A, S148A) was performed by single-stranded mutagenesis. 

For the chromosome loss assay, strain YPH1015 (Connelly and Hieter 1996) (MATa 

ade2-101 his3-D200 leu2-D1 lys2-801 ura3-52 trp1-D63 CFIII) was transformed with 

p416GALS, p416GALS-FIN1-GFP or p416GALS-FIN15A-GFP. 

 

Immunofluorescence 

Cells were fixed overnight at 4oC in 100 mM potassium phosphate pH 6.4, 0.5 mM 

MgCl2, 3.7% formaldehyde. Following fixation, immunofluorescence was performed as 

described (Ayscough 1998).  The anti-tubulin antibody YOL134 (Abcam) was used at 

1:200, the anti-Myc 9E10 antibody was used at 1:200, and the anti-Tub4 antibody (a gift 

from Sue Jaspersen) was used at 1:500.  Secondary antibodies included anti-rat FITC 

1:500 (Cappel), anti-rat Cy3 1:1000, anti-mouse Cy3 1:1000, and anti-rabbit Cy3 

1:10,000 (Jackson Immunoresearch). Images were captured with a Hamamatsu Orca-AG 

camera on a Zeiss Axiovert 2000MAT microscope with a 63X objective lens, using 

Image Pro Plus 5.1 software.  
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Protein analysis and purification  

Protein extracts were prepared for immunoblotting as described(Ubersax, Woodbury et 

al. 2003). Fin1-TAP was detected with the c-MYC A-14 polyclonal antibody (Santa 

Cruz) at 1:1000. Clb5-3HA was detected with the 16B12 antibody (Covance) at 1:1000, 

and Fin1-GFP was detected with the Anti-GFP antibody clones 7.1 and 13.1 (Roche) at 

1:1000. 

Cdk1-Clb5-TAP was purified as described (Puig, Caspary et al. 2001; Ubersax, 

Woodbury et al. 2003) from yeast strains lacking SIC1 and expressing CLB5-TAP under 

the GAL promoter. GST-Cdc14 or the catalytically inactive GST-Cdc14 C/R 

(C283S/R289A) mutant were purified as described (Jaspersen and Morgan 2000). For 

purification of Fin1-6HIS, BL21 cells containing pET28b-Fin1-6HIS were grown to log 

phase and Fin1 expression was induced for 3 h with 0.3 mM IPTG. Cells were harvested 

and disrupted by sonication in 20 mM Hepes pH 7.4, 8 M urea, 400 mM NaCl. The cell 

lysate was loaded onto a 5 ml Pharmacia Hi-Trap Chelating column charged with CoCl2, 

washed with 50 ml of 20 mM Hepes pH 7.4, 2 M Urea, 400 mM NaCl, and 50 ml of 20 

mM Hepes pH 7.4, 400 mM NaCl, and eluted with a 25 ml 0-500 mM imidazole gradient 

in 20 mM Hepes pH 7.4, 400 mM NaCl. The protein was stored at -80°C, or dialyzed into 

20 mM sodium phosphate pH 6.8, 150 mM NaCl, 1 mM EGTA. 

 

Microtubule Binding Assays 

For binding of yeast lysates to taxol-stabilized MTs, cells were grown to OD600= 1.0 and 

resuspended in lysis buffer (35 mM PIPES, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 10 

mg/ml each of pepstatin A, leupeptin and aprotinin). The cell suspension was drop frozen 
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in liquid nitrogen, disrupted by grinding, and centrifuged at 90,000 rpm for 20 min at 

4°C. Taxol was added to the supernatant to a final concentration of 20 mM. The extract 

was incubated with taxol-stabilized MTs (0.1 mg/ml final concentration) for 15 min at 

room temperature. The reaction was centrifuged through a 40% sucrose (w/v) cushion at 

90,000 rpm for 15 min. Supernatant and pellet fractions were separated and analyzed by 

SDS-PAGE.  

For binding of purified Fin1-6HIS to MTs., Fin1 or Fin1-P (each 3.0 mM) was 

incubated with serially diluted taxol-stabilized MTs in BRB80 buffer (80 mM PIPES pH 

6.8, 2 mM MgCl2, 1 mM EDTA) for 15 min at room temperature. The reaction was 

centrifuged at 90,000 rpm for 10 min at 22°C. Supernatant and pellet were separated and 

analyzed by SDS-PAGE. 

For dilution-induced disassembly reactions, taxol-stabilized MTs were serially 

diluted 2-fold into BRB80 buffer lacking taxol and containing 1.7 mM Fin1-6HIS. 

Reactions were incubated, centrifuged and processed as described above for MT binding 

assays. 

 

APC ubiquitination assays 

The expression and purification of reaction components was performed as described 

(Carroll and Morgan 2005). Substrates were produced in rabbit reticulocyte lysates by 

coupled transcription and translation in the presence of 35S-methionine, according to the 

manufacturer’s instructions (Promega, Madison, WI). Pds1 is a full-length protein with a 

C-terminal TEV-ZZ tag. Fin1 is amino acids 1-152 with an N terminal ZZ-TEV tag, and 

Fin1-dbox is amino acids 15-152 with an N terminal ZZ-TEV tag. Substrate-containing 
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lysates were treated with 10 mM NEM for 10 min at room temperature. NEM was 

inactivated by addition of 20 mM DTT. Ubiquitination reactions were performed as 

described (Carroll and Morgan 2005). 
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Figure 1. Fin1 phosphorylation and spindle association are cell  

cycle-regulated and depend on Cdc14.  
 

(a) Wild-type or cdc14-1 cells with Fin1-TAP and Clb5-3HA were grown to log phase 

and arrested in G1 with a-factor for 3 h. Cells were released from alpha factor at 37oC 

and harvested for immunoblotting and tubulin immunofluorescence at the indicated 

times. Cdk1-dependent phosphorylation is responsible for the reduced mobility form of 

Fin1 on these gels (Ubersax, Woodbury et al. 2003; Loog and Morgan 2005). (b) Purified 

Fin1-6HIS was phosphorylated in vitro with purified Clb5-Cdk1 (P) and incubated with 

buffer, purified GST-Cdc14, or a catalytically inactive mutant GST-Cdc14 (C283S, 

R289A) and then analyzed by immunoblotting. Non-phosphorylated Fin1-6HIS (NP) was 

included as a control. (c) Fin1-13MYC cells released from a G1 a-factor arrest were 

harvested at 50 min (metaphase) and 90 min (anaphase) for immunofluorescence of Fin1 

and tubulin. cdc14-1 Fin1-13MYC cells were arrested for 3 h at 37oC and harvested for 

immunofluorescence of Fin1 and tubulin. Images in the right column represent a 

pseudocolored composite of Fin1 (green) and tubulin (red).  Scale bar equals 5 mm.  (d) 

Cells expressing FIN1-GFP from the MET25 promoter were released from an a-factor 

arrest and harvested for Fin1-GFP visualization and tubulin immunofluorescence at 50 

min (metaphase) and 90 min (anaphase). Scale bar equals 5 mm.  In 11% of metaphase 

cells, in addition to the diffuse Fin1-GFP signal, we observed Fin1-GFP dots that co-

localized with the spindle pole bodies, which we suspect represent the small population 

of non-phosphorylated Fin1-GFP that accumulates in cells that overexpress the protein 

(data not shown).  
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Figure 2. Mutation of Cdk1 sites on Fin1 creates a non-

phosphorylated dominant-lethal mutant that localizes 

prematurely to spindles.  

 

(a) Cells carrying FIN1-GFP or FIN15A-GFP under the control of the GALS promoter 

were grown to log phase, and protein production was induced with galactose. Cells were 

processed for Western blotting with the anti-GFP antibody. (b) Cells carrying an empty 

vector or a vector carrying FIN1-GFP or FIN15A-GFP under the control of the GALS 

promoter were grown to OD600= 0.1 and serially diluted 2-fold. Cells were plated onto 

media containing either glucose or galactose. (c) Cells carrying FIN1-GFP or FIN15A-

GFP under the control of the GALS promoter were arrested in a-factor for 3 h, released 

into galactose-containing media, and harvested at the indicated time points for Fin1-GFP 

visualization, tubulin immunofluorescence and DAPI staining of nuclei. Images in the 

right column represent a composite of Fin1 (green), tubulin (red), and DNA (blue). At 

each time point, the percentage of cells with a detectable GFP signal at the spindle pole 

body or spindle was calculated. Scale bar equals 5 mm.  (d) MET-CDC20 fin1D cells 

carrying FIN1-GFP or FIN15A-GFP under the control of the GALS promoter were 

arrested by Cdc20 depletion for 2.5 h, followed by addition of galactose for 4 h. Cells 

were harvested and prepared for tubulin (scale bar equals 5 mm) and Tub4 (g-tubulin, 

scale bar equals 1 mm) immunofluorescence to analyze microtubules and spindle pole 

bodies, respectively.  (e) Cells (ade2-101 CFIII [(CEN3.L.YPH983) HIS3 SUP11]) 

carrying an empty vector or a vector expressing FIN1-GFP or FIN15A-GFP under the 
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control of the GALS promoter were grown to log phase in selective media. Fin1 

expression was induced with galactose for 2 h. Cells were plated for single colonies on 

non-selective media containing 0.6 mg/ml adenine. Cells that lose the chromosome III 

fragment (CFIII) containing SUP11, a suppressor of the ade2-101 mutation, accumulate a 

red pigment. Red colonies indicate that the mother cell lost CFIII prior to plating. Half-

sectored colonies indicate that the mother cell lost CFIII in the first division after plating. 

In the final column, loss rate/cell division = half-sectored colonies/(total colonies – red 

colonies). 
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Figure 3. Non-phosphorylated Fin1 promotes spindle stability.  

 

Strains YEW81 (SCC1TEV GAL-TEV MET-CDC20 p416GALS-FIN1-GFP) and YEW82 

(SCC1TEV GAL-TEV MET-CDC20 p416GALS-FIN15A-GFP) were arrested in metaphase 

by Cdc20 depletion, and TEV protease and Fin1 expression were induced with galactose 

at t=0. Cells were harvested at the indicated time points and processed for tubulin 

staining and Fin1-GFP visualization.  Scale bar equals 1 mm. 
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Figure 4. Fin1 binds and stabilizes microtubules.  

 

(a) Yeast cell lysates containing Fin1-TAP were incubated with taxol-stabilized 

microtubules (5 mM), after which the microtubules were centrifuged. Pellet and 

supernatant were then analyzed by immunoblotting of Fin1. (b) Purified Fin1-6HIS was 

incubated with Clb5-Cdk1 to produce phosphorylated Fin1-6HIS (Fin1-P). Fin1 or Fin1-

P (each 3.0 mM) was incubated with the indicated concentration of taxol-stabilized 

microtubules. Microtubules were centrifuged, and the pellets and supernatants were 

analyzed by SDS-PAGE and Coomassie Blue staining. In multiple experiments, we did 

not observe a reproducible difference between Fin1 and Fin1-P. (c) Fin1 protects MTs 

against dilution-induced disassembly. Taxol-stabilized MTs were serially diluted into 

buffer lacking taxol, either in the absence (top) or presence (bottom) of Fin1-6HIS (1.7 

mM). Microtubules were centrifuged, and the pellets and supernatants were analyzed by 

SDS-PAGE and Coomassie Blue staining.  
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Figure 5.  Fin1 proteolysis depends on APCCdh1 and a 

destruction box.  

 

(a) Wild-type or cdc23-1 cells carrying FIN1-GFP under the control of the GALS 

promoter were grown to log phase and arrested in G1 with a-factor for 4 h. Production of 

Fin1-GFP was induced for 1 h by addition of galactose. Cells were shifted to 37oC for 1 

h, after which glucose and cycloheximide (0.1 mg/ml) were added to repress transcription 

and translation of Fin1-GFP. Cells were harvested for immunoblotting at the indicated 

times thereafter. (b) cdc15-2 or cdc15-2 cdh1D cells with Fin1-13MYC were arrested at 

37oC for 3 h. Cells were shifted to 23oC and samples were collected at the indicated times 

for immunoblotting of Fin1-13MYC, tubulin immunofluorescence, and DAPI staining. 

Both strains arrested with a large bud and separated nuclei, but approximately 30% of 

anaphase spindles in cdc15-2 cdh1D cells were broken, compared to 7% in cdc15-2 cells. 

The cause of this difference is unknown. (c) APCCdh1 ubiquitinates Fin1 in vitro. The 

indicated substrates (including Pds1, a positive control) were produced in vitro by 

coupled transcription and translation in the presence of 35S-methionine, and incubated 

with buffer, or E2-ubiquitin, or E2-ubiquitin and APCCdh1 for 1 h at room temperature. 

Reactions were analyzed by SDS-PAGE and visualized with a PhosphorImager. (d) fin1D 

cells carrying a CEN/ARS plasmid expressing FIN1-13MYC or FIN1-dbox-13MYC under 

the control of the FIN1 promoter were grown to log phase and arrested in G1 with a-

factor for 3 h. Following release, cells were harvested for immunoblotting and tubulin 

immunofluorescence at the indicated times. (e) fin1D cells expressing FIN1-dbox-GFP 

under control of the GALS promoter were grown to log phase and expression was induced 



 55 

for 1 h with galactose. Cells were arrested in G1 with a-factor and harvested for 

visualization of Fin1-dbox-GFP and tubulin immunofluorescence.  Scale bar equals 10 

mm. 
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Stabilization of spindle microtubules during anaphase is essential for proper 

chromosome segregation (Higuchi and Uhlmann 2005).  Fin1 is a budding yeast 

protein that localizes to the poles and microtubules of the spindle during anaphase, 

and contributes to spindle stability (van Hemert, Lamers et al. 2002; Woodbury and 

Morgan 2007).  Fin1 is phosphorylated at multiple sites in its N terminus by the 

cyclin-dependent kinase Clb5-Cdk1, and dephosphorylation in anaphase triggers its 

localization to the spindle. Fin1 contains a coiled-coil motif at its C terminus that 

promotes its self-association.  Here we investigated the function of the coiled-coil 

domain and other regions of the protein.  Fin1 lacking the C-terminal coiled-coil 

domains localized to spindle pole bodies (SPBs) but not along spindle microtubules. 

These mutants failed to self-associate and showed reduced in vitro binding to 

microtubules.  However, these mutants were functional in vivo and stabilized 

anaphase spindles.  Deletion of the Fin1 C-terminus suppressed the lethal 

phenotypes of the Fin1 phospho-mutant (Fin15A).  Our findings suggest that 

monomeric Fin1 at SPBs contributes to anaphase spindle stability, but that Fin1 

multimerization and association with spindle microtubules are required for the 

lethal efffects of Fin15A.   

The faithful segregation of chromosomes during mitosis requires precise 

regulatory control of spindle microtubule dynamics.  During metaphase, microtubules 

exhibit high dynamic instability, which facilitates the capture of chromosomes at their 

kinetochores.  At the onset of anaphase, microtubule dynamics are silenced and the 

spindle is thereby stabilized (Zhai, Kronebusch et al. 1995; Mallavarapu, Sawin et al. 

1999; Maddox, Bloom et al. 2000).  The change in microtubule dynamics that occurs at 
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the onset of anaphase depends on regulated changes in the activity of proteins that 

influence microtubule behavior (Higuchi and Uhlmann 2005).   

 The budding yeast protein Fin1 is a microtubule-stabilizing factor that associates 

with the spindle during anaphase.  The activity of Fin1 is carefully regulated during the 

cell cycle.  Phosphorylation in early mitosis by the cyclin-dependent kinase Clb5-Cdk1 

inhibits Fin1 function and prevents its association with the spindle.  Dephosphorylation in 

anaphase promotes its localization to the spindle, where it acts as a stability factor. A 

Fin1 phospho-mutant (Fin15A) localizes prematurely to the spindle and alters metaphase 

spindle structure.  As a result, Fin15A expression leads to errors in chromosome 

segregation and causes cellular lethality (Woodbury and Morgan 2007). 

Fin1 purified from yeast self-associates to form a 10 nm diameter filament (van 

Hemert, Lamers et al. 2002).  Fin1-Fin1 interactions have also been demonstrated in vivo 

(Marino-Ramirez and Hu 2002; van Hemert, Deelder et al. 2003).  Oligomerization of 

Fin1 is mediated by sequences in the C-terminal portion of the protein, which are 

predicted to form coiled-coils (Lupas, Van Dyke et al. 1991).  It has been suggested that 

Fin1 filaments provide structural support to the mitotic spindle, but the importance of 

Fin1 self-association for spindle stability is unknown (Bloom 2002).   

In the work presented here we tested the importance of Fin1 self-association by 

analyzing the properties of a series of Fin1 truncations.  We found that deletion of the 

predicted coiled-coil regions in the Fin1 C-terminus blocked self-association, eliminated 

Fin1 localization to spindle microtubules, and lowered the affinity of Fin1 for 

microtubules in vitro.  Deletion of the predicted coiled-coil domains suppressed the 

lethality of the Fin1 phospho-mutant, and abrogated the effect of Fin15A expression on 
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metaphase spindle structure.  The N-terminal region of Fin1 was sufficient to target the 

protein to spindle poles, where it functioned to stabilize the spindle despite the absence of 

the coiled-coil domains.  

 

EXPERIMENTAL PROCEDURES 

Yeast strains and plasmids- All yeast strains used were derivatives of W303, and grown 

at 30oC unless otherwise noted.  Plasmid p416GALS was used to express Fin1-GFP 

truncations under the control of the GALS promoter (Mumberg, Muller et al. 1994).  

Plasmid p414ADH was used to express Fin1-GFP truncations under the control of the 

ADH promoter (Mumberg, Muller et al. 1995).   

 

Co-immunoprecipitation and immunoblotting- Protein extracts for the immunoblots in 

Figure 6 were prepared as described (Ubersax, Woodbury et al. 2003).  For co-

immunoprecipitation, 50 ml of cells were grown to log phase and lysed by bead-beating 

2x1 min in 20 mM Hepes pH 8.0, 500 mM NaCl, 1% NP-40, 50 mM NaF, 80 mM b-

glycerol phosphate, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF and 1 mg/ml each of 

pepstatin, leupeptin and aprotinin.  Protein G Dynabeads (Invitrogen) were pre-incubated 

with anti-GFP antibody for 30 min. at 4oC and then washed with lysis buffer.  Protein 

extract (1 mg) was incubated with the bead mixture for 2 h at 4oC.  Beads were washed 

three times with lysis buffer and then re-suspended in protein sample buffer.  Samples 

were analyzed by SDS-PAGE and immunoblotting.  Fin1-3HA was detected with the 

16B12 antibody (Covance) at 1:1000, and Fin1-GFP was detected with the anti-GFP 

antibody clones 7.1 and 13.1 (Roche) at 1:1000.   
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Immunofluorescence microscopy- Cells were fixed overnight at 4oC in 100 mM 

potassium phosphate pH 6.4, 0.5 mM MgCl2, 3.7% formaldehyde. Following fixation, 

immunofluorescence was performed as described (Ayscough 1998). The anti-tubulin 

antibody YOL134 (Abcam) was used at 1:500, and the anti-Tub4 antibody was used at 

1:500.  Anti-rat Cy3 and anti-rabbit Cy3 (Jackson Immunoresearch) were used at 1:1000. 

Images were captured with a Hamamatsu Orca-AG camera on a Zeiss Axiovert 

2000MAT microscope with a 63X objective lens, using Image Pro Plus 5.1 software.  

 

Microtubule-binding assays- Purification of Fin1-6HIS and Fin11-152-6HIS was 

performed as described (Woodbury and Morgan 2007).  To analyze microtubule binding, 

purified Fin1 or Fin11-152 was incubated with serially diluted taxol-stabilized MTs in 

BRB80 buffer (80 mM PIPES pH 6.8, 2 mM MgCl2, 1 mM EDTA) for 20 min at room 

temperature. The reaction was centrifuged at 90,000 rpm for 10 min at 22oC. Supernatant 

and pellet were separated and analyzed by SDS-PAGE. 

 

RESULTS 

 

Subcellular localization of Fin1 mutants.  Fin1 is a 291 amino acid protein that contains 

two putative coiled-coil domains near its C-terminus.  The N terminal half of Fin1 is a 

regulatory region that contains five consensus Cdk1 phosphorylation sites and a 

destruction box (D-box), which is required for anaphase-promoting complex (APC)-

mediated proteolysis of Fin1 (Figure 1) (Woodbury and Morgan 2007).   

To determine which regions of Fin1 are required for its spindle association, we 
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expressed a series of truncations fused to green fluorescent protein (GFP) under the 

control of the inducible GALS promoter in fin1D cells.  In anaphase, wild-type Fin1-GFP 

localizes along spindle microtubules and as two foci at the spindle poles.  Fin11-197-GFP 

and Fin11-152-GFP, which lack the C-terminal coiled-coil domains but contain all five 

Cdk1 phosphorylation sites, appeared diffuse in the nucleus and as foci near spindle 

poles, but did not associate with spindle microtubules.  Further truncation of the C-

terminus (Fin11-132-GFP) caused an increase in the cytoplasmic GFP signal and an 

abrogation of the signal near SPBs.  Fin140-152-GFP localization was similar to that of 

Fin11-132-GFP.  Fin1132-291-GFP, which contains the predicted coiled-coil domains, but not 

the regulatory domain localized diffusely in the nucleus and never appeared at the spindle 

poles or along the length of the spindle (Figure 2).  Expression of each mutant in wild-

type cells yielded similar results, indicating that the presence of endogenous Fin1 has no 

effect on the localization of the mutants (data not shown).  These results indicate that 

both the C and N terminal regions of Fin1 are required for its association with spindle 

microtubules, but that amino acids 1-152 are sufficient to target Fin1 to spindle poles. 

Kinetochores, the site of microtubule attachment to chromosomes, cluster near the 

spindle poles during anaphase (Guacci, Hogan et al. 1997).  Thus, the Fin1 foci we see 

could represent Fin1 at the spindle pole body (SPB), or the kinetochore.  To determine 

whether the appearance of Fin1 dots depends on kinetochore function, we compared the 

localization of Fin15A in wild-type cells with that in cells expressing a temperature-

sensitive version of Ndc10 (ndc10-1), an essential kinetochore component (Goh and 

Kilmartin 1993).  Expression of Fin15A in these cells allowed us to analyze Fin1 foci in 

both metaphase and anaphase.  Wild-type and ndc10-1 cells were synchronized in G1 at 
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23oC and released at 37oC in the presence of galactose to induce expression of Fin15A-

GFP.  Cells were harvested 60 and 90 minutes after release and prepared for visualization 

of Fin1 localization, and imunnostaining of tubulin or Tub4, to visualize spindles and 

SPBs, respectively.  

 Fin15A-GFP co-localized with SPBs and spindle microtubules during metaphase 

and anaphase in wild-type cells (Figure 3A). Expression of Fin15A had an unexpected 

effect on spindles in ndc10-1 cells.  Spindle pole bodies were un-separated, spindles were 

unassembled, and astral microtubules were elongated.  This phenotype is similar to that 

seen when Fin15A is overexpressed in metaphase-arrested cells (Woodbury and Morgan 

2007), and suggests that these Fin15A effects are accentuated in the absence of 

kinetochores.  In any case, Fin15A co-localized with SPBs and microtubules in these cells.  

These results suggest that Fin1 localizes to SPBs and microtubules independent of 

kinetochore function.  

We also investigated the localization of Fin1 truncations in ndc10-1 cells.  Unlike 

Fin15A, Fin1 truncations had no effect on spindle structure in ndc10-1 cells.  Fin11-197-5A-

GFP formed foci that co-localized with SPBs in wild type and ndc10-1 cells (Figure 3B).  

Fin11-152-GFP displayed a similar localization pattern (data not shown).   

 

Fin1-Fin1 interactions require the C-terminal coiled-coil domain:  The C-terminus of 

Fin1 has been characterized as a self-association domain (Marino-Ramirez and Hu 2002; 

van Hemert, Deelder et al. 2003).  To confirm that Fin1 interacts with itself, we 

performed co-immunoprecipitations from a strain carrying two different epitope-tagged 

versions of Fin1.  Fin1 was tagged at the C-terminus with triple hemagglutinin epitopes 
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(3HA) or GFP.  The tagged Fin1 proteins were co-expressed in fin1D cells, and protein 

extracts were immunoprecipitated with anti-GFP antibody.  Anti-GFP 

immunoprecipitates contained Fin1-3HA, confirming that Fin1 self-associates in vivo 

(Figure 4).  Truncation of the predicted coiled-coil domains eliminated the interaction of 

Fin1 mutants with full-length Fin1.  A mutant containing the predicted coiled-coils 

(Fin1132-291) maintained the ability to associate with full-length Fin1. Together with the 

localization data, these results suggest that Fin1 self-association is required for Fin1 

localization to spindle microtubules but not to SPBs. 

 

The Fin1 C-terminus contributes to Fin1 affinity for microtubules:  The localization of 

Fin1 truncations to SPBs but not to spindle microtubules suggested that deletion of the C-

terminus might lower the affinity of Fin1 for microtubules.  To test this hypothesis, we 

examined the ability of recombinant Fin1-6HIS or Fin11-152-6HIS to bind purified, taxol-

stabilized microtubules.  As we have shown previously, full-length Fin1 binding to 

microtubules was half-maximal between 0.13 and 0.25 mM tubulin (Figure 5) (Woodbury 

and Morgan 2007).  Fin11-152-6HIS retained some ability to bind microtubules, but 

affinity was reduced by at least two-fold.  These results, along with the self-association 

data, suggest that amino acids 1-152 contain a weak microtubule-binding domain, but 

that full microtubule binding requires the C-terminus, perhaps because Fin1 

oligomerization enhances microtubule binding. 

   

Functional analysis of Fin1 truncations:  Deletion of FIN1 is synthetic lethal with 

deletion of ASE1 (Tong, Lesage et al. 2004), a protein that contributes to anaphase 
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spindle stability by cross-linking microtubules at the spindle midzone (Schuyler, Liu et 

al. 2003).  To assess the functionality of Fin1 truncations, we tested whether they could 

support growth as the only copy of Fin1 in ase1D cells.  We constructed a fin1Dase1D 

strain that is viable due to the presence of a URA3 marked plasmid that expresses Fin1 

from its own promoter.  We expressed Fin1 truncations from the constitutive alcohol 

dehydrogenase (ADH) promoter in these cells, and then assessed cell viability on media 

containing 5-fluoroorotic acid (5-FOA), which selects against the FIN1-URA3 plasmid.  

Fin11-197 and Fin11-152 supported robust colony growth on 5-FOA, indicating that these 

mutants retain Fin1 function (Figure 6A).  A small number of colonies survived on 5-

FOA when Fin11-132 was the only copy of Fin1, suggesting this mutant is partially 

functional.  Cells expressing Fin140-152 or Fin1132-291 could not survive in the absence of 

full-length Fin1.   

To exclude the possibility that differences in the functionality of the mutants were 

caused by variations in expression, we analyzed the levels of the mutants by 

immunoblotting.  Mutant expression levels were higher than those of full-length Fin1 but 

similar to each other, with the exception of Fin140-152 (Figure 6B).  This mutant 

accumulated to higher levels, perhaps because it lacks a D-box and cannot be targeted for 

APC-dependent proteolysis (Woodbury and Morgan 2007). 

 We next assessed the ability of Fin1 truncations to stabilize spindles in an 

artificial anaphase system (Uhlmann, Wernic et al. 2000; Higuchi and Uhlmann 2005).  

In this assay, cells are arrested in metaphase by depletion of Cdc20, an essential activator 

of the APC.  Sister chromatid separation is induced by expression of TEV protease, 

which cleaves an engineered site in Scc1, a protein required to maintain sister chromatid 
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cohesion.  Anaphase ensues, but chromosome movements and spindle elongation occur 

abnormally, and spindles in these cells eventually break.  These defects are thought to 

result because Cdk phosphorylation inhibits the activity of important anaphase spindle-

stabilizing factors in this arrest (Pereira and Schiebel 2003; Higuchi and Uhlmann 2005).  

Expression of non-phosphorylated Fin1 (Fin15A) reduces the frequency of spindle 

breakage in these cells, whereas expression of Fin1, which remains phosphorylated, has 

no effect (Woodbury and Morgan 2007).   

We found that Fin11-197-5A and Fin11-152-5A promoted spindle stability in this 

system, although to a lesser extent than full-length Fin1 (Figure 7).  Fin11-152 also 

partially stabilized spindles, indicating that this mutant is not properly regulated by 

phosphorylation.  This mutant lacks a KXL motif that is important for interaction with 

Clb5-Cdk1 (Loog and Morgan 2005) and might therefore be incompletely 

phosphorylated.  Spindle-stabilizing activity was lost in mutants with further deletion of 

either the N or C terminus.   

  

Deletion of the Fin1 C-terminus suppresses Fin15A phenotypes:  Proper regulation of 

Fin1 phosphorylation state is required for cellular viability.  Expression of Fin15A from 

the GALS promoter is toxic.  However, expression of Fin1 mutants from the GALS 

promoter had no effect on cell viability (Figure 8A). The Fin15A C-terminus is therefore 

required for its lethal effects. 

 Overexpression of Fin15A in metaphase-arrested cells causes striking defects in 

metaphase spindle structure (Woodbury and Morgan 2007).  These spindle defects likely 

contribute to the lethality of Fin15A.  Since truncation of Fin15A suppressed its lethality, 
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we hypothesized that Fin1 truncations would have no effect on metaphase spindle 

structure.  We arrested cells in metaphase by depletion of Cdc20, and then induced 

Fin15A or truncated Fin1 phospho-mutants from the GALS promoter.  After 3.5 h, 

expression of Fin15A caused spindles to collapse and astral microtubules to elongate, as in 

our previous work (Woodbury and Morgan 2007).  A small percentage of cells 

expressing Fin11-197-5A or Fin11-152-5A contained these abnormal microtubule structures, 

but the majority of metaphase spindles appeared normal.  Metaphase spindle structure 

was unaffected in cells expressing any of the other Fin1 mutants.   

 

DISCUSSION 

 In this study we characterized the properties of several Fin1 mutants, in order to 

identify domains that are important for Fin1 function and localization.  We conclude that 

amino acids 1-152 are sufficient for Fin1 localization to spindle poles, and that Fin1 

activity at spindle poles contributes to anaphase spindle stability.  The Fin1 C-terminus, 

which promotes self-association, is therefore not required for the spindle-stabilizing 

function of Fin1.  However, the C-terminus is essential for high affinity binding of Fin1 

to microtubules in vitro, and for the localization of Fin1 to spindle microtubules in vivo.  

Since truncation of the Fin1 phospho-mutant suppressed its deleterious effects, we reason 

that Fin1 oligomerization and localization to spindle microtubules is required for the 

toxicity of Fin15A.   

Regulated changes in the behavior of spindle microtubules occur as cells progress 

through the cell cycle.  Microtubules are highly dynamic in metaphase, but this behavior 

is silenced at anaphase onset.  In this study, we found that Fin1 activity at the spindle 
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pole contributes to the stabilization of microtubules during anaphase.  The minus ends of 

microtubules are organized at spindle poles, perhaps suggesting that Fin1 affects spindle 

stability by changing microtubule dynamics at the minus end.   

Fluorescent speckle microscopy of budding yeast spindles has revealed that 

microtubule assembly and disassembly occurs primarily at the plus end, and that 

microtubule minus ends are stable (Maddox, Bloom et al. 2000).  These studies were 

based on analysis of cytoplasmic astral microtubules and anaphase interpolar spindle 

microtubules.  Unfortunately, the polarity of metaphase microtubule dynamics could not 

be determined by this analysis.  It is therefore possible that microtubule assembly and 

disassembly from both plus and minus ends accounts for the dynamic behavior of 

microtubules during metaphase, and that the presence of Fin1 at spindle poles accounts 

for the stabilization of minus ends in anaphase.  Analysis of anaphase spindle dynamics 

in the absence of Fin1 function may therefore reveal new insights into the behavior of 

microtubules in budding yeast. 
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Figure 1.  Domain structure of Fin1.   

 

Full-length Fin1 is a 291 amino acid protein.  The sequence that targets Fin1 for APC-

mediated proteolysis (D-box) is colored in red.  Consensus Cdk1 phosphorylation sites 

(S/T P x K/R) are colored in blue.  Coiled-coil motifs, predicted by the COILS program, 

are colored in yellow (Lupas, Van Dyke et al. 1991).  Domain structures of the Fin1 

truncations investigated in this study are diagrammed below the full-length protein.   
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Figure 2.  Localization of Fin1 truncations.   

 

Fin1 forms tagged with GFP were expressed from the GALS promoter in fin1D cells for 3 

h.  Cells were harvested and fixed for Fin1-GFP visualization, tubulin 

immunofluoresence, and DAPI staining of DNA. Images in the right column represent a 

composite of Fin1 (green), tubulin (red), and DNA (blue).   



 75 

 



 76 

Figure 3.  Fin1 localizes to the SPB independent of kinetochore 

function.   

 

Wild-type or ndc10-1 cells carrying Fin1-GFP or Fin11-197-GFP under the GALS 

promoter were grown to log phase at 23oC and then arrested in G1 with a-factor (12.5 

mg/ml) for 3.5 h.  Cultures were shifted to 37oC for 2 h, washed twice to remove the a-

factor, and then released at 37oC into galactose-containing media to induce Fin1 

expression.  Cells were harvested 60 and 90 minutes after release for Fin1-GFP 

visualization and immunofluorescence of Tub4 (to visualize spindle poles). Images in the 

right column represent a composite of Fin1 (green) and Tub4 (red). 
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Figure 4.  Fin1 self-association depends on the coiled-coil 

domains.   

 

Protein extracts were prepared from fin1D cells co-expressing two different epitope-

tagged versions of Fin1.  All strains express full-length Fin1 tagged with 3HA.  The other 

Fin1 form (full-length or truncation) is tagged with GFP.  Extracts were incubated with 

anti-GFP antibody and protein G beads to precipitate the GFP-tagged forms of Fin1.  The 

amount of immunoprecipitated (IP) Fin1-GFP forms was determined by immunoblotting 

with anti-GFP antibody. Immunoblots with anti-HA antibody were performed to 

determine whether Fin1-3HA co-immunoprecipitates.  One percent of the input extract 

was immunoblotted with anti-HA to confirm equal levels of Fin1-3HA in all samples 

prior to immunoprecipitation.  
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Figure 5.   The Fin1 C-terminal domain contributes to Fin1 

affinity for microtubules.  

 

Purified Fin1 or Fin11-152 was incubated with the indicated concentration of taxol-

stabilized microtubules. Microtubules were centrifuged, and the pellets and supernatants 

were analyzed by SDS-PAGE and Coomassie Blue staining. 
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Figure 6.  Amino acids 1-152 are sufficient for Fin1 function.   

 

(A) The ability of Fin1 truncations to support growth in cells lacking Ase1 was assessed.   

fin1Dase1D cells carrying a URA3 marked plasmid with FIN1-3HA under the control of 

its own promoter, and a TRP1 marked plasmid with the indicated FIN1-GFP form under 

the ADH promoter (or an empty vector), were streaked to selective media or media 

containing 5-FOA.  Growth on 5-FOA indicates that the Fin1 mutant is functional.  (B) 

Protein extracts were prepared from log-phase cultures of the strains described in Figure 

6A.  Levels of the indicated Fin1-GFP form were determined by immunoblot. 
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Figure 7.  Fin1 mutants stabilize the anaphase spindle.   

 

Cells (SCC1TEV GAL-TEV MET-CDC20) carrying the indicated Fin1 mutant under the 

control of the GALS promoter were arrested in metaphase by Cdc20 depletion, and TEV 

protease and Fin1 expression were induced with galactose for 3.5 h. Cells were harvested 

and processed for tubulin staining.   
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Figure 8.  Suppression of Fin1 phospho-mutant phenotypes.   

 

(A) Cells carrying an empty vector or a vector with the indicated FIN1 form under the 

control of the GALS promoter were grown to OD600= 0.1 and serially diluted 2-fold. Cells 

were plated onto media containing either glucose or galactose.  (B) MET-CDC20 fin1D 

cells carrying the indicated FIN1 form under the control of the GALS promoter were 

arrested by Cdc20 depletion for 2.5 h, followed by addition of galactose for 4 h. Cells 

were harvested and prepared for tubulin immunofluorescence.   
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Chapter 4 

Concluding remarks 
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Fin1 spindle association is regulated by cell cycle-dependent phosphorylation 

Our results support the following model of Fin1 regulation.  In S phase and early mitosis, 

when Fin1 is first transcribed, high levels of Clb5-Cdk1 activity maintain Fin1 in a fully 

phosphorylated state, thereby preventing its association with the spindle and resulting in 

diffuse Fin1 localization in the nucleus.  At the metaphase-to-anaphase transition, 

activation of APCCdc20 results in a sharp decline in Clb5-Cdk1 levels, while separase 

activation releases Cdc14 from the nucleolus. As a result of these two coincident events, 

Fin1 is rapidly dephosphorylated and targeted to spindle pole bodies and the spindle just 

as the spindle begins to elongate.  At the end of anaphase, activation of APCCdh1 triggers 

Fin1 ubiquitination and destruction (Figure 1). 

  

Fin1 contributes to anaphase spindle stability  

We have identified Fin1 as a novel factor involved in stabilization of microtubules during 

anaphase. Our findings suggest that Fin1 and Ase1 are two major contributors to 

anaphase spindle stabilization in budding yeast, and that they function through 

independent pathways.  Cells are viable in the absence of either Fin1 or Ase1, but cells 

fail to survive in the absence of both proteins.  Furthermore, cdc15-2 fin1D cells arrested 

at high temperature maintain spindle integrity, but spindles disassemble in cdc15-2 ase1D 

cells (Juang, Huang et al. 1997).  Overexpression of Fin1 cannot rescue the spindle 

breakdown of cdc15-2 ase1D cells, implying that while the two proteins both act to 

stabilize anaphase spindles, they are not functionally interchangeable.  The different 

localizations of Ase1 and Fin1 further suggest that they have different functions in 

spindle stability.  Ase1 localizes to the spindle midzone, where it may stabilize or bundle 
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the plus ends of interpolar microtubules.  Fin1 is focused at the spindle poles and to a 

lesser degree along the length of the spindle, suggesting that it may act on both 

kinetochore and interpolar microtubules, possibly at their minus ends.  How spindles 

behave in the absence of both Fin1 and Ase1 will be an interesting topic for future 

investigation. 

 

How does Fin1 influence MT behavior? 

Our data in vitro indicate that the spindle-stabilizing properties of Fin1 may arise from an 

ability to directly bind microtubules.  The mechanism by which Fin1 influences 

microtubule stability, however, remains elusive.  Many proteins that stabilize 

microtubules contain a coiled-coil domain, suggesting that their oligomerization plays an 

important role in their ability to affect microtubule dynamics.  Fin1 contains two 

predicted coiled-coil domains, one of which is required for self-association (van Hemert, 

Deelder et al. 2003). Surprisingly, our analysis of Fin1 mutants demonstrates that the 

Fin1 C-terminus is not required for the spindle-stabilizing function of Fin1.  However, 

the C-terminus is essential for high affinity in vitro binding of Fin1 to microtubules, and 

for the in vivo localization of Fin1 to spindle microtubules.  Future characterization of 

microtubule dynamics in cells lacking Fin1 and cells expressing Fin15A may be useful in 

understanding the mechanism by which Fin1 stabilizes microtubules.   

 

How does phosphorylation inhibit Fin1 function? 

Our experiments argue that phosphorylation of Fin1 negatively regulates its localization 

to the spindle and therefore its stabilizing activity.  Here we consider five models for how 
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phosphorylation regulates Fin1 behavior. 

 

1.  Phosphorylation blocks Fin1 binding to microtubules. 

2.  Phosphorylation inhibits Fin1 self-association, and self-association is required for 

Fin1 function. 

3.  Phosphorylation promotes Fin1 interaction with an inhibitor protein. 

4.  Phosphorylation inhibits Fin1 interaction with an activator protein. 

5.  Phosphorylation inhibits Fin1 association with a SPB protein.  

 

The data presented in chapter two argues against model one, as we were unable to 

detect a difference between phosphorylated and non-phosphorylated Fin1 with regard to 

microtubule binding in vitro.  However, the Fin1 phosphorylated in vitro by Clb5-Cdk1 

may not be equivalent to Fin1 phosphorylated in vivo.  Although phosphorylation of Fin1 

by Clb5-Cdk1 results in a complete gel mobility shift of the protein, it is possible that all 

five Cdk sites are not phosphorylated by the reaction.  Furthermore, phosphorylation of 

Fin1 by Cdk1 may serve as a priming event for phosphorylation by another kinase, like 

Cdc5, whose activity could be essential for inhibition of Fin1.   

Model two predicts that phosphorylation blocks Fin1 self-association, and that 

self-association is required for Fin1 function.  Our studies on Fin1 mutants provide 

evidence against this model.  Fin1 mutants that fail to self-associate still stabilize the 

anaphase spindle and their activity is regulated by phosphorylation.   

The third model speculates that an inhibitor protein binds to phosphorylated Fin1 

and limits its localization and activity.  The 14-3-3 proteins are ideal candidates for Fin1 
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inhibitors.  14-3-3 proteins are a family of highly conserved dimeric proteins that bind 

phosphorylated epitopes on other proteins.  The binding of 14-3-3 proteins to their targets 

may regulate protein-protein interactions, target proteins to specific locations, or protect 

proteins from dephosphorylation.  Fin1 interacts with the yeast 14-3-3 proteins Bmh1 and 

Bmh2, and this interaction requires phosphorylation of Fin1 (Mayordomo and Sanz 2002; 

van Hemert, Lamers et al. 2002; van Hemert, Deelder et al. 2003).  However, in cells 

lacking Bmh1 and Bmh2, the Fin1 localization pattern does not change, and Bmh1 and 

Bmh2 have no effect on the in vitro binding of Fin1 to microtubules (E. Woodbury and 

D. Morgan, unpublished data).  These data suggest that 14-3-3 proteins do not act to 

inhibit Fin1 function.  Nevertheless, there could be other proteins that bind and inhibit 

phosphorylated Fin1. 

The fourth model suggests that dephosphorylation of Fin1 promotes its interaction 

with an activating protein.  Since cells lacking both Fin1 and Ase1 are inviable, candidate 

Fin1 activators are proteins that are required in the absence of Ase1.  Using this candidate 

approach, we characterized the localization of Fin1-GFP in cells lacking genes that are 

synthetic lethal with Ase1.  We also assessed whether deletion of any of these genes 

could suppress the lethality induced by Fin15A expression.  Unfortunately, we saw no 

difference in the Fin1 localization pattern in any of the 30 deletion strains that we 

screened.  The lethal phenotype caused by Fin15A expression was not suppressed by 

deletion of any of the genes, but we did see an enhancement of the lethality (colonies 

failed to grow on glucose-containing media) in cells lacking Bim1 and Kar3, two 

microtubule de-stabilizing proteins (E. Woodbury and D. Morgan, unpublished data).   

Model five speculates that phosphorylation of Fin1 blocks its association with a 
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SPB protein, which may recruit Fin1 to the spindle.  Consistent with this model, we 

found that Fin1 localized to SPBs only in its non-phosphorylated state.  Furthermore, 

Fin1 mutants that localize to SPBs remain under phospho-regulatory control.  

Identification of a SPB protein that interacts with Fin1 will require further investigation. 

As a general approach to discover Fin1 interaction partners, we attempted to 

purify epitope tagged Fin1 from yeast lysates and then identify any co-purifying proteins.  

This approach was unsuccessful because Fin1 is primarily an insoluble protein.  In the 

future, genetic approaches may prove a successful method for identifying proteins that 

regulate Fin1 function. 

 

Cell cycle-dependent proteolysis of Fin1 requires APCCdh1 and a destruction box 

 APCCdh1-mediated proteolysis of Fin1 provides an additional means of regulating its 

function in late mitosis.  We found that the disappearance of Fin1 at the end of mitosis, 

and the instability of Fin1 in G1, depends on APCCdh1 activity and the Fin1 destruction 

box. 

 In addition to Fin1, two other spindle-stabilizing proteins, Cin8 and Ase1, have 

been identified as APCCdh1 substrates (Juang, Huang et al. 1997; Hildebrandt and Hoyt 

2001).  The importance of degrading these factors remains unclear, however, since their 

stabilization has little apparent effect on cell cycle progression or spindle behavior. 

Spindles appear normal in cells expressing nondegradable Fin1.  Similarly, expression of 

nondestructable Cin8 from its native promoter causes only mild defects in spindle 

morphology (Hildebrandt and Hoyt 2001).  Overexpression of nondegradable Ase1 leads 

to a slight delay in spindle disassembly in late mitosis (Juang, Huang et al. 1997).  Most 
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importantly, cdh1D cells, in which Cin8, Ase1 and Fin1 are all presumably stable, are 

viable and exhibit only minor defects in the timing of spindle assembly and disassembly 

(Schwab, Lutum et al. 1997; Crasta, Huang et al. 2006; Woodbury and Morgan 2007).  

Nonetheless, overexpression of Fin1 or Cin8 from the GAL1 promoter kills cells 

(Saunders, Lengyel et al. 1997; van Hemert, Lamers et al. 2002), so additional 

mechanisms are certainly important for regulating the levels of these proteins in cells. 
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Figure 1.  Cdk and APC limit the spindle-stabilizing function 

of Fin1 to anaphase. 

Phosphorylation of Fin1 from S phase to metaphase, by Clb5-Cdk1 inhibits Fin1 

association with the spindle.  In anaphase, when Clb5-Cdk1 is inactivated, Cdc14 

dephosphorylates Fin1.  Dephosphorylation of Fin1 targets it to the poles and 

microtubules of the spindle, where it contributes to spindle integrity.  As cells exit mitosis 

and disassemble the spindle, APCCdh1 targets Fin1 for ubiquitin-mediated proteolysis.   
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