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Abstract 

Cyclin-dependent kinases (Cdk) direct cell cycle transitions by associating with various 

cyclins throughout the cell cycle.  For cells to exit mitosis, mitotic Cdk activity must be 

turned off.  In Saccharomyces cerevisiae, the mitotic exit network, or MEN, comprises of 

a group of proteins that form a signaling pathway required for mitotic exit.  The MEN 

regulates the activity of Cdc14, the protein phosphatase critical for inactivating mitotic 

Cdk.  Components of the MEN include the protein kinases Cdc15 and Dbf2, as well as 

the Dbf2-associated protein Mob1.  We determined how these proteins are organized 

within the MEN by determining the molecular mechanism of Dbf2 activation.  Dbf2 

requires Mob1 association in order to be active and Cdc15 phosphorylates and thereby 

activates the Dbf2-Mob1 protein kinase complex.  We also determined that the conserved 

phosphorylation sites of the NDR protein kinase family are required for Dbf2 kinase 

activity in vitro as well as for DBF2 function in vivo.  It is unknown how Dbf2-Mob1 

leads to Cdc14 release or how the protein kinase complex functions in cytokinesis.  As a 

result, we sought to identify physiological substrates of Dbf2-Mob1 which would provide 

insight to Dbf2-Mob1 function in both of these significant cell cycle processes.  There is 

no known physiological substrate for Dbf2-Mob1 we first identified RXXS as the motif 

that Dbf2-Mob1 preferentially phosphorylates.  We then identified a number of in vitro 

substrates for Dbf2-Mob1, of which the majority contains the RXXS motif.  The 

mechanism of Dbf2 activity has been shown to be conserved in a number of other NDR 

kinase family members, which have roles in morphogenesis and cell division, and have 

been implicated in tumorigenesis.  Studies on Dbf2 will provide insight into cell cycle 

processes in budding yeast as well as in higher eukaryotes. 
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Chapter 1:  Introduction 

Cell Cycle Regulation  

The cell cycle is a complex process that leads to the production of two daughter cells.  

The mammalian cell cycle is involved in processes that range from the growth and 

proliferation of cells to organism development.  An aberrant cell cycle can lead to disease 

such as cancer.  

 The eukaryotic cell cycle is divided into four stages:  G1, S, G2, and M.  The G1 

and G2 phases are “gap phases”, where the cell prepares for the S and M phases, 

respectively.  The S phase, or synthesis phase, is where DNA is replicated.  The M phase, 

or mitosis, is where the replicated chromosomes are segregated into separate nuclei 

before cytokinesis can occur.  Cells that exit the cell cycle, such as cells undergoing 

differentiation, enter a quiescent phase called G0.   

Transition from one stage of the cell cycle to the next is regulated by cyclin-

dependent kinases, or Cdks.  Cdks are serine/threonine protein kinases that become 

activated when complexed to cyclins.  The periodic association with cyclins thereby 

regulates Cdk activity, which in turns controls cell cycle progression.  There have been at 

least nine Cdks and sixteen cyclins identified so far in mammalian cells, though not all 

are involved in cell cycle regulation (reviewed in Johnson and Walker, 1999; Schafer, 

1998).   

The complexity in mammalian Cdk-cyclin complexes makes cell cycle analysis 

difficult.   As key components of cell cycle regulation are conserved in higher and lower 

eukaryotes, much can be learned from studying the cell cycle in budding yeast.  The 
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budding yeast, Saccharomyces cerevisiae, provides a much simpler system to study the 

cell cycle as it contains one Cdk, Cdc28.   

Cdc28 becomes activated in late G1 by associating with G1 cyclins, Cln1, Cln2, 

and Cln3.  In both S-phase and M-phase, Cdc28 associates with B-type cyclins, or Clbs.  

Promotion into S-phase is governed by Cdc28 association with S-phase cyclins, Clb5 and 

Clb6.  Mitotic entry is controlled by Cdc28 activation when the Cdk is complexed to the 

mitotic cyclins Clb1, Clb2, Clb3, and Clb4.  Unlike most other eukaryotic cells, there is 

no clear distinction between the S-phase and M-phase, and thus no real G2, in budding 

yeast.  As a result, the two main states of the cell cycle in budding yeast is an oscillation 

between high and low Clb-Cdk activity.  In G1 there is low Clb-Cdk activity and in S-

phase and mitosis, there is high Clb-Cdk activity (reviewed in Bardin and Amon, 2001; 

Deshaies, 1997; Miller and Cross, 2001).  

For subsequent re-entry into G1 after mitosis, mitotic Clb-Cdk activity must be 

turned off.  Inactivation of Cdc28 at the end of mitosis occurs through two distinct 

mechanisms:  Clb2 degradation and Sic1 accumulation.  Clb2 is the main mitotic cyclin 

and Sic1 is a Cdk inhibitor.  The phosphatase Cdc14 plays a critical role in both 

processes (reviewed in Bardin and Amon, 2001; Stegmeier and Amon, 2004).  Cdc14 

dephosphorylates Hct1/Cdh1, a specificity factor required for activation of the APC 

(anaphase-promoting complex), a ubiquitin ligase (Jaspersen et al., 1999; Schwab et al., 

1997; Visintin et al., 1998; Zachariae et al., 1998).  The APC ubiquitinates Clb2, 

targeting Clb2 for degradation by the proteasome.  Cdc14 also desphosphorylates Sic1, 

which stabilizes the Cdk inhibitor by preventing its ubiquitination by the ubiquitin ligase 

SCF, and allows Sic1 to bind Cdc28.  Cdc14 also promotes Sic1 accumulation by 



 3

dephosphorylating Swi5, a Sic1 transcription factor, permitting Swi5 entry into the 

nucleus to increase transcription of Sic1 (Moll et al., 1991; Visintin et al., 1998). 

Cdc14 activity is regulated by its localization.  It is held in an inactive state by 

Net1 in the nucleolus throughout G1, S, G2 and early mitosis (Shou et al., 1999; Visintin 

et al., 1999).  Two signaling networks, FEAR (Cdc14 Early Anaphase Release) and MEN 

(Mitotic Exit Network), control Cdc14 release from Net1 in late mitosis/anaphase 

(reviewed in Bardin and Amon, 2001; D'Amours and Amon, 2004; Stegmeier and Amon, 

2004).  The FEAR network causes a transient release of Cdc14 in early anaphase (Pereira 

et al., 2002; Stegmeier et al., 2002).  This release of Cdc14 is localized to the nucleus, not 

throughout the cell.  The early release of Cdc14 is essential for timely exit from mitosis, 

but is not sufficient for Clb-Cdk inactivation, and therefore insufficient for mitotic exit.  

MEN, on the other hand, causes a sustained release of Cdc14 throughout the cell and is 

essential for mitotic exit (Jaspersen et al., 1998; Pereira et al., 2002; Shou et al., 1999; 

Stegmeier et al., 2002; Visintin et al., 1999).  

 

FEAR (Cdc Fourteen Early Anaphase Release) Network  

The FEAR network initiates early anaphase release of Cdc14 by promoting Net1 

phosphorylation by mitotic Cdks, weakening the interaction between Cdc14 and Net1 

(Azzam et al., 2004).   The FEAR network comprises of seven proteins (reviewed in 

D'Amours and Amon, 2004; Stegmeier and Amon, 2004).   The positive regulators of the 

early anaphase release of Cdc14 are Esp1, Slk19, Spo12, Bns1, and Cdc5.  The remaining 

two members, Pds1 and Fob1, inhibit the transient release of Cdc14.   
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Esp1 is the budding yeast equivalent of separase in higher eukaryotes.  Separase is 

a protease that is required for the metaphase to anaphase transition as it cleaves Scc1,  a 

cohesin that holds sister chromatids together (Uhlmann et al., 2000).  The protease 

activity of Esp1 is not required for its activity in FEAR however, consistent with the 

observation that cleavage of Slk19 is not required for its FEAR activity (Sullivan and 

Uhlmann, 2003).  Slk19 is a kinetochore binding protein that is cleaved in anaphase by 

Esp1.  Pds1, or securin, inhibits Esp1 function both at promoting sister chromatid 

separation as well as its FEAR function (Cohen-Fix and Koshland, 1999; Stegmeier et al., 

2002; Sullivan and Uhlmann, 2003; Tinker-Kulberg and Morgan, 1999).   

Cdc5, a polo kinase, acts at multiple points of mitotic exit.  It is a member of the 

MEN and FEAR network, and thus dissecting its role in either pathway has proven 

difficult.  Spo12 and its homologue Bns1 are small proteins with unknown enzymatic 

function.  It is thought that Spo12 may act as a scaffolding protein in the nucleolus.  

Spo12, a phosphoprotein, binds Fob1, an inhibitor of FEAR (Stegmeier et al., 2004).  

Fob1 binds Net1, preventing early anaphase release of Cdc14 (Stegmeier et al., 2004).  It 

has been proposed that Spo12 releases this inhibition when phosphorylated.  

Phosphorylation of Spo12 would cause a conformational change decreasing the binding 

affinity of Fob1 to Net1, therefore permitting Cdc14 release. 

Though the components of the FEAR network are known to be required for early 

anaphase release of Cdc14, the molecular nature of how this network functions and 

interacts is unclear.  Current data consists of genetic experiments that suggest a model in 

which the FEAR is controlled by two pathways in which both are required for early 

anaphase release of Cdc14.   
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One path is proposed to consist of Esp1, Slk19, Pds1 and Cdc5, the other with  

Spo12, Bns1, and Fob1 (reviewed in D'Amours and Amon, 2004; Stegmeier and Amon, 

2004).  The double mutant slk19∆ esp1-1 has the same Cdc14 release defect as that of the 

single mutants which suggests Slk19 and Esp1 function in the same pathway (Visintin et 

al., 2003).  Slk19 was also shown to be required for Cdc14 release from the nucleolus 

when Esp1 is overexpressed (Sullivan and Uhlmann, 2003; Visintin et al., 2003).   

Overexpression of Spo12 and Cdc5 could overcome this phenotype which 

suggested either both acted downstream or in parallel to Esp1 and Slk19.  However, Cdc5 

overexpression causes a stronger early anaphase Cdc14 release response than that of 

Spo12, which further supports Cdc5 function in both MEN and FEAR (Visintin et al., 

2003).  Future biochemical studies and more genetic data will provide more insight as to 

how the FEAR network components interact and function. 

It is proposed the FEAR network is essential for timely exit because the early 

release of Cdc14 has the ability to activate itself by forming a positive feedback loop 

through its activation of MEN.  In support of this model, phosphorylation of Cdc15 is 

inhibitory and its dephosphorylation dependent on Cdc14 (Jaspersen and Morgan, 2000; 

Menssen et al., 2001; Stegmeier et al., 2002; Xu et al., 2000).   Recent work has 

suggested that other than stimulating MEN activity, the FEAR network functions in 

regulating other anaphase events to ensure proper progression of anaphase prior to 

mitotic exit (reviewed in D'Amours and Amon, 2004; Stegmeier and Amon, 2004). 
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Other Roles for FEAR 

The FEAR network has a role in regulating the anaphase spindle (reviewed in D'Amours 

and Amon, 2004; Stegmeier and Amon, 2004).  The Esp1-dependent release of Cdc14 

dephosphorylates Sli15, a component of the Sli15-Ipl1 complex (Pereira and Schiebel, 

2003).  The Sli15-Ipl1 complex is the budding yeast equivalent of the INCENP(inner 

centromere-like protein)-Aurora B complex, which ensures proper chromosome 

segregation (reviewed in Adams et al., 2001; Tanaka, 2002).  The INCENP-Aurora B 

complex is comprised of chromosomal passenger proteins, so termed because they are 

localized along the length of the chromosome until prometaphase/metaphase, where they 

relocalize to the inner centromere and then relocalize to the spindle at the onset of 

anaphase, stabilizing the spindle (reviewed in Adams et al., 2001; Tanaka, 2002).  The 

dephosphorylation of Sli15 by Cdc14 is essential for targeting the INCENP-Aurora B 

complex to the anaphase spindle (Pereira and Schiebel, 2003).  Both Sli15 and Cdc14 are 

required for the spindle midzone localization of Slk19, a component required for spindle 

stability (Pereira and Schiebel, 2003).  Similar to the situation where there is a delay in 

mitotic exit without FEAR function, Sli15 association with the spindle is delayed when 

FEAR is compromised.  The MEN-released Cdc14 targets the Sli15-Ipl1 complex to late 

anaphase spindles (Pereira and Schiebel, 2003).  A recent study further shows a role for 

FEAR released Cdc14 in spindle stabilization, by regulating localization of microtubule 

stabilizing proteins to the anaphase spindle (Higuchi and Uhlmann, 2005). 

  The segregation of telomeres and rDNA is also regulated by the FEAR network 

(reviewed in D'Amours and Amon, 2004; Stegmeier and Amon, 2004).  Chromosomes 

are separated when cohesin is cleaved by separase, with the exception of telomeres and 



 7

rDNA, which remain connected until mid-anaphase (D'Amours et al., 2004; Sullivan et 

al., 2004).  The protease-independent function of Esp1, required for FEAR, activates 

Cdc14, which is essential for the condensation and separation of rDNA and telomeres 

(D'Amours et al., 2004; Sullivan et al., 2004).  This separation of rDNA and telomeres by 

Cdc14 is dependent on condensin, and does not require the MEN (D'Amours et al., 2004; 

Sullivan et al., 2004).  The mechanism as to how Cdc14 regulates rDNA and telomere 

separation is unknown.  One possible mechanism of rDNA separation by Cdc14 is 

through Cdc14 action on Ycs4, a condensin subunit.  Cdc14 targets Ycs4 to rDNA during 

anaphase and induces sumoylation of Ycs4 (D'Amours et al., 2004).  

Proper meiosis has also been revealed to require the FEAR network (reviewed in 

D'Amours and Amon, 2004; Stegmeier and Amon, 2004).  The stages of meiosis are 

uncoupled when cells are deficient of Cdc14, Spo12, or Slk19 (Buonomo et al., 2003; 

Marston et al., 2003).  Cells undergo the first meiotic division, but with chromosomes 

segregating both reductionally and equatorially (Buonomo et al., 2003; Marston et al., 

2003).  Cdc14, Spo12, and Slk19 are also required for anaphase I spindle disassembly 

(Buonomo et al., 2003; Marston et al., 2003).  The MEN is dispensable for these 

functions in meiosis I (Buonomo et al., 2003; Marston et al., 2003). 

 

MEN (Mitotic Exit Network) 

The MEN is required for cells to exit mitosis.  The MEN regulates late anaphase release 

of Cdc14 from the nucleolus.  In contrast to the FEAR network, the MEN causes 

sustained release of Cdc14, allowing Cdc14 to act on its substrates leading to Cdk 
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inactivation and mitotic exit.  The MEN consists of the GTPase Tem1, the putative 

guanine-nucleotide exchange factor (GEF) Lte1, the two-component GTPase activating 

proteins (GAP) Bub2-Bfa1, the protein kinases Cdc5, Cdc15, Dbf2, the Dbf2 binding 

protein Mob1, and the scaffolding protein, Nud1 (reviewed in Bardin and Amon, 2001; 

D'Amours and Amon, 2004; Stegmeier and Amon, 2004).  Mutations in components that 

form this cascade cause cells to arrest in late anaphase with stable Clb2 and high Cdk 

activity (Jaspersen et al., 1998; Shirayama et al., 1994b; Surana et al., 1993; Toyn and 

Johnston, 1994).   

Genetic and biochemical data has revealed how the MEN components interact 

and form a signaling cascade.  At the top of this cascade is the Ras-like GTPase, Tem1.  

Tem1 is regulated by Bub2-Bfa1 and Lte1 (Bardin et al., 2000; Fesquet et al., 1999; 

Geymonat et al., 2002; Pereira et al., 2000).  Tem1 preferentially localizes to the spindle 

pole body (SPB), the yeast equivalent of the mammalian centrosome, that will migrate 

into the bud that becomes the future daughter cell (Bardin et al., 2000; Pereira et al., 

2000).  Bub2-Bfa1 colocalizes with Tem1, negatively regulating Tem1 by holding Tem1 

in an inactive GDP-bound form (Bardin et al., 2000; Pereira et al., 2000).  Nud1, a 

component of the SPB, acts as a scaffold for the Bub2-Bfa1-Tem1 complex and recruits 

the other MEN components (Bardin et al., 2000; Gruneberg et al., 2000; Pereira et al., 

2000; Visintin and Amon, 2001).  When the spindle elongates and the SPB with Tem1 

enters the bud, Tem1 comes into contact with Lte1, which is localized at the bud cortex 

(Bardin et al., 2000; Pereira et al., 2000).  Lte1, presumably the GEF for Tem1, is now in 

the proximity of its substrate and can activate Tem1.  Active Tem1 in turn activates 

Cdc15, the kinase that physically binds Tem1 (Asakawa et al., 2001; Bardin et al., 2003).  
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Activated Cdc15 then phosphorylates and thereby activates another kinase, Dbf2 (Mah et 

al., 2001).  Dbf2 kinase activity requires its binding partner, Mob1 (Mah et al., 2001).   

How the signal from the Dbf2-Mob1 kinase complex is then propagated to Cdc14 

release is still unknown.  Also unclear is the role of Cdc5 in the MEN.  Cdc5 is a polo-

like kinase that functions at multiple points of the cell cycle (reviewed in Nigg, 2001).   

Even in mitotic exit, other than functioning in the MEN, Cdc5 is also a component of the 

FEAR network (Stegmeier et al., 2002).  Studies have shown Cdc5 acting on Dbf2-Mob1 

and Bub2-Bfa1 to promote mitotic exit, activating the former, inhibiting the latter 

(Geymonat et al., 2003; Hu et al., 2001; Lee et al., 2001a; Lee et al., 2001b; Visintin and 

Amon, 2001).  Cdc5 can also directly phosphorylate Net1 and Cdc14 in vitro, promoting 

Cdc14 release, however, it is unclear whether this direct action occurs in vivo (Shou et 

al., 2002; Visintin et al., 2003; Yoshida and Toh-e, 2002).   

The MEN forms a novel mitotic checkpoint, one that detects spindle position  

(reviewed in Nigg, 2001).  A misaligned spindle prevents Tem1 from entering the bud, 

and therefore cannot be activated by Lte1.  It has also been proposed that the MEN may 

have a role in the spindle damage checkpoint through Bub2-Bfa1 (Hu et al., 2001; 

Krishnan et al., 2000; Wang et al., 2000). 

 

Other Regulators of MEN 

Other than the FEAR network and spindle elongation/position that regulates the MEN, 

there is data suggesting other determinants that control mitotic exit (reviewed in 

Stegmeier and Amon, 2004). 
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Cell polarity proteins are thought to contribute to the spindle position checkpoint 

by regulating the MEN.  Cdc42, a Rho-like GTPase, its GEF, Cdc24, and its effectors 

Cla4, Ste20, Gic1, and Gic2 have been shown to regulate Lte1 and Bub2-Bfa1 (Hofken 

and Schiebel, 2002; Hofken and Schiebel, 2004; Jensen et al., 2002; Seshan et al., 2002).  

Activation of the kinase Cla4 by Cdc42 is required and sufficient for the phosphorylation 

and localization of Lte1 to the bud cortex (Hofken and Schiebel, 2002; Seshan et al., 

2002).  Gic1 and Gic2, also Cdc42 substrates, inhibit Bub2-Bfa1, thereby promoting 

mitotic exit (Hofken and Schiebel, 2004).  Ste20, also activated by Cdc42, is believed to 

function in parallel to Lte1, but how Ste20 acts on the MEN is unknown (Hofken and 

Schiebel, 2002).  Two other cell polarity proteins, Kel1 and Kel2, have been found to 

associate with both Lte1 and Tem1 (Hofken and Schiebel, 2002; Seshan et al., 2002).  

However, there are conflicting reports on the effects of the Kel proteins on mitotic exit  

(Hofken and Schiebel, 2002; Seshan et al., 2002). 

 There has also been data suggesting the Ras pathway regulates mitotic exit 

(reviewed in Stegmeier and Amon, 2004).  Cells lacking RAS1 and RAS2, but have 

bypassed the essential requirement of the Ras pathway in cAMP formation, are deficient 

in mitotic exit at compromised temperatures (Morishita et al., 1995).  It is thought that 

this is due to Ras being required for the Lte1 localization to the bud cortex (Yoshida et 

al., 2003). 

 The MEN must be inactivated for the next cell cycle and Cdc14 appears to play a 

key role in its own inactivation (reviewed in Stegmeier and Amon, 2004).  Cdc14 

dephosphorylates Bfa1 and Lte1, which is thought to restore the GAP activity of Bub2-

Bfa1 and release Lte1 from the bud cortex (Jensen et al., 2002; Pereira et al., 2002; 
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Seshan et al., 2002).  It is thought that concentrated Lte1 at the bud cortex is important 

for its activity, though dephosphorylation may also have a role in lowering its activity 

(Bardin et al., 2000; Jensen et al., 2002; Seshan et al., 2002).  Amn1, an inhibitor of MEN 

that competes with Cdc15 for Tem1 binding, is expressed only in the daughter cell after 

Cdc14 activation (Wang et al., 2003).  Cdc14 also turns off the MEN through degradation 

of Cdc5 by activating the APC/CCdh1 (Charles et al., 1998; Cheng et al., 1998; Shirayama 

et al., 1998). 

 

MEN in Cytokinesis 

The MEN is also believed to play a crucial role in cytokinesis (reviewed in Bardin and 

Amon, 2001; D'Amours and Amon, 2004; Stegmeier and Amon, 2004).  Tem1, Cdc5, 

Cdc15, Dbf2, and Mob1 localize to the SPB in anaphase (Bardin et al., 2000; Cenamor et 

al., 1999; Frenz et al., 2000a; Hwa Lim et al., 2003; Menssen et al., 2001; Pereira et al., 

2000; Visintin and Amon, 2001; Xu et al., 2000; Yoshida and Toh-e, 2001).  During late 

mitosis, Cdc15, Dbf2, Mob1, and Cdc5 are localized to the bud neck (Frenz et al., 2000a; 

Hwa Lim et al., 2003; Luca et al., 2001; Song et al., 2000; Xu et al., 2000; Yoshida and 

Toh-e, 2001).  The translocation of the MEN components from the SPB to the bud neck 

suggested a link between mitotic exit and cytokinesis.  The bud neck localization of Dbf2 

and Mob1 are dependent on each other as well as Cdc5, Cdc14, Cdc15, Nud1, and the 

septins Cdc12 and Cdc3 (Frenz et al., 2000b; Luca et al., 2001; Yoshida and Toh-e, 

2001).  This data supported the idea that the MEN form a signaling pathway that 

regulates cytokinesis.  These MEN proteins were also found to be required for actin ring 

formation (Frenz et al., 2000a; Lee et al., 2001a; Luca et al., 2001; Yoshida and Toh-e, 



 12

2001), whereas the MEN inhibitor Bub2 inhibits actin ring formation (Lee et al., 2001a; 

Lee et al., 2001b).  Further evidence confirming a cytokinetic role for the MEN has been 

established by the identification of MEN mutants with defects in cytokinesis.  The net1-1 

tem1∆ and net1-1 cdc15∆, where the lethality of the deletion of TEM1 and CDC15 is 

bypassed by the net1-1 mutant, exhibit cytokinetic defects (Lippincott et al., 2001; Shou 

et al., 1999).  Mutants of mob1 and the cdc15-lyt1 mutant have also been isolated and 

shown to have defects in cytokinesis (Jimenez et al., 1998; Lippincott et al., 2001; Luca 

et al., 2001; Shou et al., 1999).   

It is proposed the MEN release and activation of Cdc14 ensures mitotic exit 

occurs prior to cytokinesis.  Cdc14 released by MEN then acts on MEN components that 

regulate cytokinesis.  Supporting this hypothesis, Dbf2-Mob1 bud neck localization is 

dependent on Cdc14 (Frenz et al., 2000b; Luca et al., 2001; Yoshida and Toh-e, 2001), 

whereas its kinase activity is not (Lee et al., 2001a; Mah et al., 2001).  How Cdc14 

regulates the MEN in cytokinesis or the molecular function of any MEN component in 

cytokinesis is largely unknown. 

 

MEN Conservation 

There is a pathway analogous to the MEN in Schizosaccharomyces pombe termed the 

septation initiation network (SIN), as mutants in this network have defects in septation.  

The SIN is comprised of Plo1, Cdc11, Cdc16-Byr4, Spg1, Cdc7, Sid2-Mob1, and 

Clp1/Flp1, which are analogous to Cdc5, Nud1, Bub2-Bfa1, Tem1, Cdc15, Dbf2-Mob1, 

and Cdc14 in the MEN (reviewed in Bardin and Amon, 2001; Krapp et al., 2004; 
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Stegmeier and Amon, 2004).  The fission yeast equivalent of Lte1 remains elusive.  

Budding yeast orthologues of Sid4, a scaffolding protein, and Sid1-Cdc14, another 

protein kinase complex that acts between Cdc7 and Sid2-Mob1, have not been identified 

(reviewed in Krapp et al., 2004; Stegmeier and Amon, 2004).  

 Unlike the MEN, the SIN is not essential for mitotic exit (reviewed in Krapp et 

al., 2004; Stegmeier and Amon, 2004).  Similar to Cdc14, the S. pombe orthologue Clp1 

is localized at the nucleolus during G1 and S phases (Cueille et al., 2001; Trautmann et 

al., 2001).  However, Clp1 is released at the onset of mitosis rather than during anaphase 

(Cueille et al., 2001; Trautmann et al., 2001).  Also in contrast to Cdc14 and the MEN, 

Clp1 release from the nucleolus does not require the SIN (Cueille et al., 2001; Trautmann 

et al., 2001).  Instead, the SIN is required to maintain Clp1 release (Cueille et al., 2001; 

Trautmann et al., 2001).  Inactivation of the SIN would signal the end of mitosis and 

Clp1 reenters the nucleolus.   

Another difference between Cdc14 and Clp1 is the mode in which they inactivate 

mitotic Cdks.  Clp1 is not required for the accumulation of Rum1, the Cdk1/Cdc2 (the 

Cdc28 equivalent in fission yeast) inhibitor, the degradation of Cdc13, the B-type cyclin, 

or the activation of the APC/C specificity factor Ste9 (Cueille et al., 2001; Trautmann et 

al., 2001).  Instead, there is evidence suggesting Clp1 inhibits Cdk activity by 

dephosphorylating, thereby targeting Cdc25, a phosphatase that activates Cdc2, for 

degradation (Esteban et al., 2004; Trautmann et al., 2001; Wolfe and Gould, 2004).  It is 

proposed that Clp1 maintains low mitotic Cdk activity during G2, allowing cytokinesis to 

be completed.  Consistent with this view, overexpression of clp1 causes a G2 arrest 

(Cueille et al., 2001; Trautmann et al., 2001; Wolfe and Gould, 2004).  Recent data has 
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suggested a possible role for Clp1, in conjunction with other regulators, in mitotic exit  

(Esteban et al., 2004; Guertin et al., 2002; Wolfe and Gould, 2004).   

 Orthologues of Cdc14 have also been identified in Caenorhabditis elegans, 

Xenopus laevis, and humans (Gruneberg et al., 2002; Kaiser et al., 2004; Li et al., 1997).  

Similar to S. pombe, Cdc14 orthologues do not appear to be required for mitotic exit, but 

essential for cytokinesis (reviewed in Trautmann and McCollum, 2002).   

CeCdc14 localizes to the central spindle in anaphase and functions with Zen-4, a 

mitotic kinesin (Gruneberg et al., 2002; Saito et al., 2004).  CeCdc14 dephosphorylates 

Zen-4, promoting its localization to the microtubules to create the central spindle (Saito et 

al., 2004).  However, one study revealed an essential role for CeCdc14 in embryonic 

division and cytokinesis (Gruneberg et al., 2002), whereas the other study showed no 

essential role for CeCdc14 in mitosis (Saito et al., 2004).  Further studies will provide 

some clarification to CeCdc14 function.  In Xenopus, two homologues of Cdc14 have 

been identified, XCdc14α and XCdc14β (Kaiser et al., 2004).  It appears that XCdc14α/β 

may have a role in normal cell division as antibodies against a region of the proteins 

when injected blocks cell division (Kaiser et al., 2004).  XCdc14α/β may be regulated by 

phosphorylation and localization, as it is detected at the nucleolus and centrosome, the 

latter having been implicated in having a critical role in cytokinesis (Kaiser et al., 2004; 

Piel et al., 2001).  XCdc14α/β was identified by its similarity to one of the two human 

Cdc14 paralogues, hCdc14A (Kaiser et al., 2004).  Both hCdc14A and hCdc14B 

localization is cell cycle dependent; hCdc14A localizes to interphase but not mitotic 

centrosomes and hCdc14B localizes to the nucleolus in interphase (Kaiser et al., 2002).  

It is possible that Cdc14 function has diverged in higher eukaryotes such that two 
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paralogues control different aspects of mitosis.  The hCdc14A paralogue had been shown 

to complement the lethality of the budding yeast temperature sensitive cdc14-1 mutant 

(Li et al., 1997).  Similar to budding yeast Cdc14, hCdc14A has also been shown to 

dephosphorylate Cdk substrates in vitro, including hCdh1, thereby activating APCCdh1 

(Bembenek and Yu, 2001; Kaiser et al., 2002).  Overexpression or downregulation of 

hCdc14A causes a number of mitotic and cytokinetic defects, revealing a key role for 

Cdc14 in maintaining genomic stability (Kaiser et al., 2002; Mailand et al., 2002). 

Other conserved MEN components include Cdc5, Nud1, Bub2, Dbf2, and Mob1 

(reviewed in Bardin and Amon, 2001; D'Amours and Amon, 2004; Stegmeier and Amon, 

2004).  Cdc5 is a member of the polo-like kinase family that includes mammalian Plk, 

Xenopus Plx, Drosophila Polo, C. elegans Plc, which regulate the cell cycle at multiple 

points, including mitotic exit and cytokinesis (reviewed in Barr et al., 2004). Centriolin 

and GAPCenA are the putative human orthologues of Nud1 and Bub2, respectively (Cuif 

et al., 1999; Gromley et al., 2003).  Consistent with a role in cytokinesis, both localize to 

the centrosome, and centriolin has been shown to be required for cytokinesis (Cuif et al., 

1999; Gromley et al., 2003).   Putative homologues of Dbf2 and Mob1 have also been 

identified and characterized in a number of eukaryotic systems (reviewed in Tamaskovic 

et al., 2003a). 

 

Conservation of Dbf2-Related Kinases 

Dbf2 belongs to the NDR (nuclear, Dbf2-related) family of kinases, which is a subgroup 

of the AGC (protein kinases A, G, and C) kinase family (reviewed in Tamaskovic et al., 



 16

2003a).  The kinases in this subfamily contain an insert between their conserved kinase 

catalytic subdomains VII and VIII and the function of these kinases appear to be 

conserved, with roles in cell division and morphogenesis (reviewed in Tamaskovic et al., 

2003a).  Recent work suggests that the NDR family of kinases may have a conserved 

mechanism of activation.   

Cbk1, another NDR member in S. cerevisiae, requires Mob2 for its activity and 

may also be regulated by a network of proteins similar to the MEN (Colman-Lerner et al., 

2001; Nelson et al., 2003; Weiss et al., 2002).  This kinase complex controls daughter 

specific expression of genes, regulating polarized cell growth and separation 

(Bidlingmaier et al., 2001; Colman-Lerner et al., 2001).   The Cbk1 orthologue in S. 

pombe, Orb6, interacts with its Mob2 counterpart to regulate cell polarity (Hou et al., 

2003).  Members of the NDR kinase family in C. elegans and Drosophila also regulate 

cell morphogenesis.  Sax-1 in C. elegans regulates neuronal cell shape and polarity, while 

Trc (tricornered) in Drosophila regulates polarized structures (Geng et al., 2000; Zallen et 

al., 2000).  Recently, Trc has been shown to be regulated by same conserved 

phosphorylation sites as Dbf2 and Ndr (He et al., 2005; Mah et al., 2001; Millward et al., 

1999).  Two-hybrid analysis suggests that Trc also binds a Mob protein (He et al., 2005). 

 The WARTS(Wts)/Lats(large tumour suppressor) kinases in Drosophila and 

humans also belong to the NDR family.  They were first identified in a Drosophila screen 

for tumour suppressors (reviewed in Hay and Guo, 2003). Wts inhibits cell proliferation 

and promotes apoptosis, by inhibiting Cyclin E transcription and promoting DIAP1 loss  

(reviewed in Hay and Guo, 2003).  Wts, Hippo (Hpo), and Salvador (Sav) interact, 

permitting Hpo phosphorylation of Wts (reviewed in Hay and Guo, 2003).  Interestingly, 
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Hpo is a Ste20-like kinase, as is Cdc15, the kinase that activates Dbf2 (Mah et al., 2001; 

Manning et al., 2002a; Wu et al., 2003).  Wts has now been shown to associate with a 

Mob protein, Mats (Mob as Tumour Suppressor), which stimulates Wts kinase activity 

(Lai et al., 2005).  Loss of Mats function showed similar phenotypes as lats mutants (Lai 

et al., 2005).   

Human Lats1 has been shown to rescue lats alleles in flies, and similarly, human 

Mats1 was found to rescue the mats defects in flies (Lai et al., 2005; Tao et al., 1999).  

They also found Mats1 mutated in human and mice tumours, suggesting a role for the 

Hpo-Sav-Wts pathway in tumorigenesis (Lai et al., 2005).  In support of this, human 

Lats1 has been shown to suppress tumour growth (Tao et al., 1999).  Further evidence for 

the role of Lats kinases in tumorigenesis is obtained from knockout mice studies.  Lats1-/- 

mice developed soft-tissue sarcomas and ovarian stromal cell tumours and were highly 

sensitive to carcinogenic treatments (St John et al., 1999).  These mice had defects in 

mammary gland development, infertility, and growth retardation (St John et al., 1999).  

Lat2-/- mice were not even viable past embryonic day 12.5 (McPherson et al., 2004).  

Mouse embryonic fibroblasts (MEFs) showed defects in contact inhibition, defective 

cytokinesis, centrosome amplification, and genomic instability (McPherson et al., 2004). 

 Mammalian Lats1 is phosphorylated and localized in a cell cycle dependent 

manner (Nishiyama et al., 1999; Yang et al., 2004).  Lats1 is phosphorylated in mitotic 

cells, localized to the centrosomes in interphase, to the spindle in metaphase and 

anaphase, then to the midbody in telophase (Nishiyama et al., 1999; Yang et al., 2004).   

Lats2 also localizes to centrosomes (McPherson et al., 2004).  Lats1 may inhibit cell 

proliferation by inhibiting Cdc2 activity (Tao et al., 1999).  Lats1 also regulates 
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cytokinesis, through inhibition of LIMK1, which in turn inhibits cofilin, an actin 

depolymerizing protein (Yang et al., 2004).  

Much less is known about the function of the Ndr kinases.  The Ndr kinases have 

homologues in mammals, C. elegans, and Drosophila (Millward et al., 1995).  Similar to 

Dbf2, human Mob proteins have been found to bind human Ndr kinases, stimulating Ndr 

kinase activity (Bichsel et al., 2004; Devroe et al., 2004).   

Crystal and NMR structures of hMob1 and XMob1 have provided insight to the 

Mob-Ndr kinase interaction (Ponchon et al., 2004; Stavridi et al., 2003).  The conserved 

acidic interface of Mob1 was shown to bind a peptide corresponding to the basic N-

terminus of Ndr1 (Ponchon et al., 2004; Stavridi et al., 2003).  In support of this model, 

conditional mutant alleles of ScMob1 decrease the negative charge of this conserved 

surface (Ponchon et al., 2004; Stavridi et al., 2003).  Further confirmation was obtained 

from point mutants of conserved residues within this region in hMob1, which disrupted 

hMob1-Ndr1 binding, reducing Ndr1 kinase activity (Bichsel et al., 2004).  The N-

terminus of Ndr1 is required for its kinase activity and is also highly conserved (Bichsel 

et al., 2004; Stavridi et al., 2003).  The conserved region between subdomains of VII and 

VIII in the catalytic domain, unique to NDR kinases, serves an autoinhibitory function 

(Bichsel et al., 2004).  Mob protein binding may relieve autoinhibition by conformational 

change or perhaps by permitting phosphorylation within this region (Bichsel et al., 2004; 

Mah et al., 2001).  Mob proteins may also control localization of its associated NDR 

kinases.  Ndr2 was found to be excluded from the nucleus, in contrast to Ndr1 (Devroe et 

al., 2004; Stegert et al., 2004).  Perhaps like hCdc14, two paralogues of the Ndr kinases 

have been evolved in higher eukaryotes for separate cell cycle functions.   
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The Ndr kinases are also regulated by S100B, a Ca2+-binding protein (reviewed in 

Tamaskovic et al., 2003a).  S100B also interacts with the N-terminal domain of Ndr, 

which has been termed the SMA (S100B and Mob1 association) domain (Millward et al., 

1998; Stegert et al., 2004; Tamaskovic et al., 2003a).  Ndr kinase activity is stimulated by 

Ca2+ in a S100B dependent manner (Millward et al., 1998; Stegert et al., 2004).  Ndr1 

activity, like Dbf2, is regulated by phosphorylation on two conserved residues, Ser-281 

and Thr-444 (Mah et al., 2001; Millward et al., 1999).  It is proposed that binding of 

S100B induces a conformation change that allows Ndr to autophosphorylate its 

conserved Ser281, whereas the other conserved phosphorylation site, Thr-444, is 

phosphorylated by another kinase (Bhattacharya et al., 2003; Tamaskovic et al., 2003b).   

Though there is data about the molecular mechanism of Ndr activation, very little 

is known about the cellular function of the Ndr kinases.  Recently, preliminary work has 

revealed that the Ndr kinases are incorporated into HIV-1 particles and are cleaved by the 

HIV-1 protease (Devroe et al., 2005).  It will be interesting to determine whether the Ndr 

kinases are bona fide targets of the HIV-1 protease and have a direct role in the HIV-1 

life cycle.  It is likely that the Ndr kinases have a role in controlling cell division and 

morphogenesis, similar to other NDR kinases.  The Ndr kinases may have a role in 

tumour progression (reviewed in Tamaskovic et al., 2003a).  S100B has shown to be a 

prognostic factor for survival in melanoma patients, where survival is significantly longer 

for patients with a normal level of S100B compared to those with elevated amounts of 

S100B (reviewed in Harpio and Einarsson, 2004).  Ndr mRNA has been shown to be 

upregulated in higher risk ductal carcinoma in situ (DCIS), a marker for an increased risk 

for the recurrence or progression of invasive breast cancer (Adeyinka et al., 2002).  Also, 
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both Ndr1 and Ndr2 are located in regions that are cancer amplicons (Manning et al., 

2002b).  Further studies will reveal whether the Ndr kinases have a role in cell cycle 

regulation. 

 

Dbf2 Regulation 

To understand the molecular mechanism of mitotic exit signaling, we determined how 

Cdc15, Dbf2, and Mob1 interact and are organized within the MEN (Chapter 2).  Our 

studies revealed a conserved mechanism in which the NDR family of kinases is activated.   

The only substrate known for Dbf2-Mob1 is the commonly used artificial 

substrate histone H1.  We identified the substrate specificity of Dbf2-Mob1 as well as a 

number of in vitro substrates for Dbf2-Mob1 (Chapter 3).  The peptide and yeast protein 

substrates for Dbf2-Mob1 will serve as critical tools for providing insight into the 

regulation and function of Dbf2, as well as other NDR kinases.  
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Chapter 2:  Protein Kinase Cdc15 Activates the Dbf2-Mob1 Kinase 

Complex 

Angie S. Mah, Joanne Jang, and Raymond J. Deshaies.  Published in the Proceedings of 

the National Academy of Sciences, USA, 98:7325-7330, 2001.  (Contribution from JJ:  

Figure 2-1A, top panel) 

 

Summary 

Exit from mitosis in budding yeast requires inactivation of cyclin-dependent kinases 

through mechanisms triggered by the protein phosphatase Cdc14.  Cdc14 activity, in turn, 

is regulated by a group of proteins, the mitotic exit network (MEN), which includes Lte1, 

Tem1, Cdc5, Cdc15, Dbf2/Dbf20, and Mob1.  The direct biochemical interactions 

between the components of the MEN remain largely unresolved.  Here, we investigate 

the mechanisms that underlie activation of the protein kinase Dbf2.  Dbf2 kinase activity 

depended on Tem1, Cdc15, and Mob1 in vivo.  In vitro, recombinant protein kinase 

Cdc15 activated recombinant Dbf2, but only when Dbf2 was bound to Mob1.  Conserved 

phosphorylation sites Ser-374 and Thr-544, present in the human, Caenorhabditis 

elegans, and Drosophila melanogaster relatives of Dbf2 were required for DBF2 function 

in vivo and activation of Dbf2-Mob1 by Cdc15 in vitro.  Whereas Cdc15 phosphorylated 

Dbf2, Dbf2–Mob1, and Dbf2(S374A/T544A)–Mob1, the pattern of phosphate 

incorporation into Dbf2 was substantially altered by either the S374A T544A mutations 

or omission of Mob1.  Thus, Cdc15 promotes the exit from mitosis by directly switching 

on the kinase activity of Dbf2.  We propose that Mob1 promotes this activation process 
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by enabling Cdc15 to phosphorylate the critical Ser-374 and Thr-544 phosphoacceptor 

sites of Dbf2. 

 

Introduction 

The cell cycle in Saccharomyces cerevisiae is controlled by a single cyclin-dependent 

kinase (Cdk), Cdc28.  By associating with different cyclins, Cdc28 activity orchestrates 

cell cycle progression.  Following sister chromatid separation, mitotic Cdk activity is 

extinguished and cells exit mitosis.  Separation of sister chromatids and inactivation of 

mitotic Cdk are both regulated by proteolysis via the anaphase-promoting 

complex/cyclosome (APC/C) ubiquitin ligase.  The APC/C in cooperation with the 

substrate specificity factor, Cdc20, initiates anaphase by targeting the anaphase inhibitor 

Pds1 for degradation (reviewed in Morgan, 1999).  Pds1 forms a complex with the 

separin Esp1, thereby preventing Esp1 from cleaving Scc1, a cohesin subunit that helps 

hold sister chromatids together (Uhlmann et al., 1999; Uhlmann et al., 2000).  Pds1 also 

impedes Cdk inactivation by preventing release of protein phosphatase Cdc14 from the 

nucleolus (Shirayama et al., 1999).  Cdc14, which is tethered to the nucleolus in an 

inactive state by Net1/Cfi1 (Shou et al., 1999; Visintin et al., 1999), promotes cyclin 

degradation upon its release from the nucleolus in anaphase by removing inhibitory 

phosphates from Cdh1/Hct1, which then targets Clb2 to the APC/C for ubiquitin-

mediated proteolysis (Jaspersen et al., 1999; Visintin et al., 1998; Zachariae et al., 1998).  

Cdc14 also promotes the accumulation of the Cdk inhibitor Sic1 by dephosphorylating 
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Sic1 and its transcription factor, Swi5, thereby stabilizing the former and allowing the 

latter to enter the nucleus (Visintin et al., 1998). 

Mobilization of Cdc14 activity during anaphase depends on a group of genes 

(LTE1, TEM1, CDC5, CDC15, DBF2/DBF20, and MOB1) that comprise the mitotic exit 

network (MEN).  Loss of function of the MEN causes cells to arrest in late 

anaphase/telophase, similar to the arrest caused by overexpression of non-degradable B-

type cyclin (reviewed in Hoyt, 2000).  Components of the MEN interact genetically with 

each other and act upstream of Cdc14 as suggested by epistasis studies (Grandin et al., 

1998; Jaspersen et al., 1998; Kitada et al., 1993; Komarnitsky et al., 1998; Luca and 

Winey, 1998; Shirayama et al., 1994b; Shirayama et al., 1996; Visintin et al., 1998).  

Lte1, a putative guanine-nucleotide exchange factor (GEF), and Tem1, a GTP-binding 

protein, are likely to be at the top of this pathway (Jaspersen et al., 1998; Shirayama et 

al., 1994a; Shirayama et al., 1994b).  Lte1 is concentrated at the bud cortex, and Tem1 

associates with the heterodimeric GTPase activating protein (GAP) Bub2-Bfa1/Byr4 at 

the cytoplasmic face of the SPB.  Tem1 presumably becomes activated when the spindle 

pole is translocated into the bud, which brings it into proximity with Lte1 (Bardin et al., 

2000; Pereira et al., 2000). 

The functional organization of the remaining components of the MEN is unclear.  

Protein kinase Cdc15 associates with Tem1 at the spindle pole in mitotic cells, and 

epistasis analyses suggest that it acts downstream of Lte1 and Tem1 (Bardin et al., 2000; 

Jaspersen et al., 1998; Shirayama et al., 1994b; Shirayama et al., 1996).  Cdc5, Dbf2, and 

Dbf20 are also protein kinases (Kitada et al., 1993; Toyn and Johnston, 1994), but their 

functional relationship to other MEN components remains obscure.  Cdc5 is implicated in 
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a variety of processes in other organisms that do not appear to involve the MEN, 

including activation of both APC/CCdc20 and the protein phosphatase Cdc25 (reviewed in 

Nigg, 2001).  Dbf2 and Dbf20 are functionally-redundant homologues, but Dbf2, which 

is abruptly activated during anaphase, accounts for the majority of the Dbf2/Dbf20-

associated kinase activity (Toyn et al., 1991; Toyn and Johnston, 1994).  The biochemical 

function of Mob1 is unknown, but Mob1 binds Dbf2 and the lethality of a dbf2∆ /dbf20∆ 

is rescued by Mob1 overexpression (Komarnitsky et al., 1998; Luca and Winey, 1998).   

To gain greater insight into the functional organization of the MEN, we examined 

the interaction between Dbf2, Mob1, and Cdc15.  Here, we provide both genetic and 

biochemical evidence that Cdc15 directly phosphorylates and activates Dbf2.  

Surprisingly, this activation step is dependent on Mob1. 

 

Results 

Dbf2 kinase activity is dependent on Tem1, Cdc15, and Mob1 

The proteins Tem1, Cdc15, Cdc5, Dbf2, and Mob1 form a poorly understood regulatory 

network that controls exit from mitosis (Grandin et al., 1998; Jaspersen et al., 1998; 

Kitada et al., 1993; Komarnitsky et al., 1998; Luca and Winey, 1998; Shirayama et al., 

1994b; Shirayama et al., 1996; Shou et al., 1999; Visintin et al., 1998; Visintin et al., 

1999).  To gain insight into the regulation of exit from mitosis, we sought to position 

Dbf2 within this network by measuring Dbf2 kinase activity in various mutant strains. 
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The DBF2 locus in the temperature sensitive mutants tem1-3, cdc5-1, cdc15-2, 

and cdc14-1 was modified to encode a protein tagged at its amino terminus with the 

tripartite FLAG-His6-HA3 epitope.  The FHHDBF2 mob1-77 combination was synthetic 

lethal, and therefore a mob1-77/mob1-77  FHHDBF2/+ diploid strain was generated.  

FHHDbf2 immunoprecipitated from mutants grown at the permissive and non-permissive 

temperatures was assayed for kinase activity using histone H1 as an artificial substrate.  

In the tem1-3 and cdc15-2 mutants, FHHDbf2 activity was sharply decreased at the 

restrictive temperature, though at the permissive temperature of tem1-3, kinase activity 

was also reduced in comparison to wild-type (Figure 2-1A).  FHHDbf2 kinase activity was 

also significantly diminished in both the cdc5-1 and mob1-77/mob1-77 mutants, but the 

reduction was observed at both permissive and restrictive temperatures (Figure 2-1).  The 

latter result was unexpected, because Mob1 has been proposed to function downstream of 

Dbf2 (Komarnitsky et al., 1998).  It was also noted in repeated experiments that the 

amount of FHHDbf2 immunoprecipitated from the mob1-77 diploid strain was reduced in 

comparison to other strains.  In contrast to the above mutants, FHHDbf2 activity remained 

unchanged in cdc14-1 and wild type cells.  Taken together, these observations suggested 

that Dbf2 required signaling by MEN proteins to become activated, and that Dbf2 acted 

at or near the terminus of the MEN, prior to the mobilization of Cdc14.  

 

Mob1 is required for obtaining active Dbf2 from okadaic acid-treated insect cells 

Tem1 is thought to act near the top of the MEN, and a combination of genetic and 

biochemical evidence suggests strongly that Cdc15 acts directly downstream of Tem1 

(Bardin et al., 2000; Jaspersen et al., 1998; Shirayama et al., 1994b; Shirayama et al., 
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1996).  Thus, we reasoned that Cdc15, Cdc5, and/or Mob1 might directly activate Dbf2.  

To distinguish between these possibilities, we sought to reconstitute Dbf2 activation in 

vitro with recombinant proteins.  Because Cdc15 and Cdc5 are protein kinases, we first 

tested the possibility that Dbf2 is activated by phosphorylation.  FHHDbf2 was expressed 

in Hi5 insect cells by infection with a recombinant baculovirus, and cells were either 

incubated with or without the phosphatase inhibitor okadaic acid prior to harvesting.  

FHHDbf2 recovered on Anti-FLAG resin from okadaic acid-treated cells migrated more 

slowly upon SDS-PAGE, suggesting that okadaic acid promoted accumulation of 

phosphate on FHHDbf2 (Figure 2-2A, lanes 1 and 2, top panel).  Nevertheless, this 

material did not exhibit kinase activity (bottom panel). 

As Dbf2 kinase activity was dependent on Mob1 in vivo (Figure 2-1B), we tested 

if Mob1 influenced the recovery of Dbf2 kinase activity from insect cells.  Hi5 cells were 

co-infected with baculoviruses that expressed FHHDbf2 and H6Mob1TM9, and FHHDbf2 was 

retrieved on Anti-FLAG resin.  H6Mob1TM9 was recovered in association with FHHDbf2, 

indicating that the recombinant proteins form a complex (Figure 2-2A, lane 3, top panel).  

H6Mob1TM9 association with FHHDbf2 was specific as the FLAG resin did not bind 

H6Mob1TM9  alone (data not shown).  Importantly, the FHHDbf2- H6Mob1TM9 complex 

retrieved from okadaic acid-treated Hi5 cells had histone H1 kinase activity, whereas the 

protein complex from untreated cells was inactive (Figure 2-2A, lanes 3 and 4, bottom 

panel).  To determine if the kinase activity was due to FHHDbf2, a mutant Dbf2 lacking an 

asparagine residue that is conserved in protein kinase active sites (Hanks et al., 1988), 

FHHDbf2(N305A), was co-expressed with H6Mob1TM9.  Whereas Dbf2 has both 

autophosphorylation (Komarnitsky et al., 1998) and histone H1 kinase activities, 
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FHHDbf2(N305A)-H6Mob1TM9 was inactive in both assays (Figure 2-2B).  These results 

suggest that FHHDbf2 was activated only when bound to H6Mob1TM9, and that activation 

of the FHHDbf2–H6Mob1TM9 complex was promoted by phosphorylation. 

 

Baculovirus-expressed Cdc15 activates Dbf2 in an ATP- and Mob1-dependent manner 

To determine the identity of the putative Dbf2–Mob1-activating kinase, H6HA3Cdc5 and 

Cdc15H6 were expressed in insect cells from recombinant baculoviruses, purified, and 

incubated in the presence of ATP with various FHHDbf2 substrates (FHHDbf2, FHHDbf2-

H6Mob1TM9 and FHHDbf2(N305A)-H6Mob1TM9) retrieved from untreated insect cells on 

Anti-FLAG resin.  Following incubation, soluble H6HA3Cdc5 and Cdc15H6 were washed 

away, and the kinase activity of immobilized FHHDbf2 was measured.  Recombinant 

H6HA3Cdc5 had no effect on the activity of recombinant FHHDbf2 substrates (data not 

shown).  In contrast, both FHHDbf2 and H6Mob1TM9 were modified in an ATP-dependent 

manner upon incubation with Cdc15H6 (Figure 2-3A, lanes 3, 6, and 9).  Moreover, 

Cdc15H6 activated FHHDbf2 in an ATP-dependent manner, but only when FHHDbf2 was 

bound to H6Mob1TM9  (Figure 2-3A, lane 6). 

To address whether Cdc15H6 phosphorylated FHHDbf2 and H6Mob1TM9, we 

incubated Cdc15H6 with FHHDbf2, FHHDbf2-H6Mob1TM9, and FHHDbf2(N305A)-

H6Mob1TM9 in the presence of [γ-32P]ATP.  Cdc15H6 incorporated label into all three 

substrates (Figure 2-3B).  The most intense incorporation was obtained with FHHDbf2-

H6Mob1TM9, suggesting that upon its activation by Cdc15, FHHDbf2 may phosphorylate 

itself and its Mob1 partner.  To confirm that Cdc15H6 activated FHHDbf2-H6Mob1TM9 by 
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phosphorylation, we obtained from D. Morgan (UCSF) a recombinant baculovirus that 

expressed a Cdc15H6 mutant previously shown to lack kinase activity, in which the 

conserved lysine was mutated to leucine (Jaspersen et al., 1998).  As shown in Figure 3C, 

Cdc15(K54L)H6 neither phosphorylated nor activated FHHDbf2-H6Mob1TM9.  We conclude 

that Cdc15 phosphorylated both Dbf2 and Mob1, and that phosphorylation of one or both 

of these proteins switched on the kinase activity of Dbf2. 

 

Cdc15 phosphorylates Dbf2 on Ser-374 and Thr-544 

Activation of the human serine/threonine protein kinase Ndr (nuclear, Dbf2-related) 

requires its phosphorylation on Ser-281 and Thr-444 (Millward et al., 1995).  These 

residues are conserved in the relatives of Ndr, including Dbf2 (Millward et al., 1999).  To 

test whether these residues might correspond to sites of phosphorylation by Cdc15, we 

mutated the corresponding residues in FHHDbf2 (Ser-374 and Thr-544) to alanine to create 

single and double phosphorylation site mutants that were co-expressed with H6Mob1TM9 

in insect cells.  All three mutants were incapable of being activated by Cdc15H6 (Figure 

2-4A, lanes 8, 9, and 10, bottom panel).  The double mutant, FHHDbf2(S374A/T544A), 

was still up-shifted in MW (Figure 2-4A, lane 10, top panel) and incorporated [γ-32P]ATP 

(data not shown; see Figure 2-4B) when treated with Cdc15H6, suggesting that Cdc15H6 

phosphorylated FHHDbf2 on multiple sites.  To address whether S374 and T544 were 

phosphorylated by Cdc15H6, FHHDbf2– H6Mob1TM9 complexes were treated with Cdc15H6 

plus [γ-32P]ATP and fractionated by SDS-PAGE.  Radiolabeled FHHDbf2 was excised 

from the gel, digested with trypsin, and resolved into phosphopeptides by TLC (Figure 2-
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4B).  Six major phosphopeptides were recovered from wild-type FHHDbf2, all of which 

were also recovered from the kinase mutant, FHHDbf2(N305A) (Figure 2-4B, panels I and 

II).  By contrast, the phosphopeptide map of FHHDbf2(S374A/T544A) (Figure 2-4B, panel 

III) lacked four of the major phosphopeptides (peptides 1, 2, 3, and 4).  To test whether 

Mob1 promotes activation of Dbf2 by enabling phosphorylation of the critical Ser-374 

and Thr-544 residues, we prepared in parallel a phosphopeptide map for FHHDbf2 treated 

with Cdc15H6 in the absence of H6Mob1TM9 (Figure 2-4B, panel IV).  Interestingly, the 

resulting pattern was reminiscent of that obtained for the FHHDbf2(S374A/T544A)– 

H6Mob1TM9 complex, in that peptides 2, 3, and 4 were absent, while peptide 1 was 

reduced in amount.  Taken together, these data suggest that binding of Mob1 to Dbf2 

enables Cdc15 to phosphorylate Dbf2 on Ser-374 and Thr-544, and that phosphorylation 

of these residues underlies the mobilization of Dbf2 kinase activity. 

 

Dbf2 phosphorylation sites Ser-374 and Thr-544 are required in vivo 

To determine whether Ser-374 and Thr-544 were important for Dbf2 function in vivo, we 

examined whether DBF2 phosphorylation site mutants, upon expression from the GAL1 

promoter, were able to rescue the conditional lethal dbf2-2 strain.  Wild type FHHDBF2, 

but not the single or double phosphorylation site mutants, nor the kinase-dead 

FHHDBF2(N305A) mutant, restored growth of dbf2-2 on both glucose (Figure 2-4C) and 

galactose (not shown)-based media at the nonpermissive temperature.  Thus, Ser-374 and 

Thr-544 were essential for Dbf2 function in vivo, presumably because Cdc15 must 

phosphorylate these sites to activate Dbf2 kinase activity. 
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Discussion 

Organizing the MEN 

Spindle pole body-associated Tem1 is presumably activated when, upon spindle 

elongation, it contacts guanine nucleotide exchange factor Lte1 in the cortex of the bud 

(Bardin et al., 2000; Pereira et al., 2000).  Activated Tem1 may enable recruitment of 

Cdc15 to the SPB, possibly through other proteins such as Nud1 (Gruneberg et al., 2000).  

Mob1 would also need to be recruited to the SPB, if as in Schizosaccharomyces pombe, 

Mob1 localizes to the SPB only during mitosis (Hou et al., 2000; Salimova et al., 2000).  

Cdc15 would then be able to activate Dbf2, which appears to be present at the SPB 

throughout most of the cell cycle (Frenz et al., 2000a).  Activated Dbf2 presumably 

phosphorylates one or more substrates, ultimately leading to release of Cdc14 from the 

nucleolus and exit from mitosis. 

 It remains completely unclear how Cdc5 fits into the mitotic exit network.  Dbf2 

kinase activity was reduced in cdc5-1 cells grown at the permissive temperature, but in 

contrast to tem1-3 and cdc15-1 mutants, was not significantly reduced upon shift to the 

nonpermissive temperature.  Whereas our observations are consistent with several 

scenarios, analysis of Cdc5 homologues that regulate cytokinesis place the polo-like 

kinase upstream in the pathway (reviewed in Nigg, 2001).  Further genetic, biochemical, 

and cytological studies will be required to order Cdc5 function within the MEN. 
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What does Mob1 do? 

Our data point to Mob1 as playing a key role in the activation of the Dbf2.  Dbf2 kinase 

activity was dramatically lowered at both the permissive and restrictive temperatures in 

the mob1-77/mob1-77 strain, and Mob1 was absolutely required for the Cdc15-dependent 

activation of Dbf2 in a reconstituted system that employed purified recombinant proteins.  

How does Mob1 promote Dbf2 activation?  Although Cdc15 phosphorylated Dbf2 in the 

absence of Mob1, phosphorylation of the functionally critical Ser-374 or Thr-544 (or 

both) residues of Dbf2 was strongly stimulated by Mob1.  In addition, Mob1 appears to 

stabilize Dbf2, in that Dbf2 levels were significantly reduced in mob1 mutant cells, and 

accumulation of Dbf2 in insect cells was significantly improved upon co-expression with 

Mob1 (data not shown).  Upon binding to Dbf2, Mob1 may promote a change in 

conformation that both stabilizes Dbf2 and facilitates its phosphorylation on Ser-374 and 

Thr-544 by Cdc15.  By analogy, binding of cyclin A causes major conformational 

changes in Cdk2 (Jeffrey et al., 1995) that are thought to enable phosphorylation of the 

critical T160 residue of Cdk2 by the Cdk-activating kinase p40(MO15) (Kaldis et al., 

1998). 

Contrary to our results, previous studies have shown that overexpression of Mob1 

rescues the lethality of dbf2∆/dbf20∆ (Komarnitsky et al., 1998), which would place 

Mob1 downstream of Dbf2.  Mob1 may be a downstream substrate for Dbf2, as 

phosphorylation of Mob1 was reduced in the kinase-dead Dbf2(N305A) complex (Figure 

3B).  Phosphorylation of Mob1 by Dbf2 may enhance, but may not be essential for a 

downstream effector function of Mob1, such that overexpression of Mob1 can overcome 

the normally essential requirement for Dbf2/Dbf20.  Studies in S. pombe, however, have 
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shown that mob1 mutants are not rescued by overexpression of Sid2 (the S. pombe 

orthologue of Dbf2), and vice versa (Hou et al., 2000; Salimova et al., 2000).  Our data, 

while arguing that Mob1 functions upstream of Dbf2, do not exclude a downstream 

function.  A final resolution of this issue will require the identification of direct 

physiological targets of Dbf2-Mob1, which to date have remained elusive. 

 

MEN and SIN 

The SIN (septation initiation network) in S. pombe is an analogous pathway to the MEN.  

The SIN includes Plo1, Spg1, Cdc7, Sid2, and Mob1, which correspond to the S. 

cerevisiae homologues Cdc5, Tem1, Cdc15, Dbf2, and Mob1 (Hou et al., 2000).  As in 

budding yeast, the fission yeast Spg1 is regulated by a two-component GAP consisting of 

Byr4-Cdc16, which holds Spg1 in an inactive GDP-state at the SPB (Balasubramanian et 

al., 2000). 

The SIN contains several components with no known counterparts in the MEN, 

including Sid1, Cdc14, Sid4, and Cdc11 (Hou et al., 2000).  Sid1, associated with Cdc14 

(no relation to S. cerevisiae Cdc14), localizes to the SPB with Cdc7-Spg1 during late 

anaphase, and epistasis analysis places it upstream of Sid2 (Guertin et al., 2000).  Taken 

together, these observations suggest that unidentified Sid1 and Cdc14 homologues in S. 

cerevisiae act between Cdc15 and Dbf2 (reviewed in Nigg, 2001).  It remains possible, 

albeit unlikely, that an insect cell protein kinase binds tightly to either Cdc15 or Dbf2-

Mob1, and is directly responsible for the activation of Dbf2.  Such a hypothetical kinase 

would need to be activated in a Cdc15-dependent manner, because kinase-dead Cdc15 
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was unable to sustain activation of Dbf2-Mob1 (Figure 2-3C).  Another possibility is that 

the in vitro activation of Dbf2-Mob1 by Cdc15 is incomplete, and that Sid1/Cdc14 

homologues or other factors (e.g. Sid4, Cdc11) may be required for optimal activation.  

This possibility is supported by quantitative considerations:  the maximal kcat we 

observed for active Dbf2-Mob1 produced in our reconstituted system was 0.15 min-1 (R. 

Azzam, unpublished data), though this was based on histone H1 and not a physiological 

substrate, which remain unknown.   

We wish to stress that the placement of Sid1 upstream of Sid2 was based on 

evaluating the localization of Sid2 in sid1 mutant strains, and not on direct biochemical 

analysis (Guertin et al., 2000).  In budding yeast, similar logic would place Cdc14 

upstream of Dbf2 (Frenz et al., 2000a), even though it is well-accepted that Dbf2 is 

upstream of Cdc14 in the sense that it is required for the release of active Cdc14 from the 

nucleolus during anaphase.  Interpreting the results of such experiments may be 

confounded by the operation of positive feedback loops within the MEN (Jaspersen and 

Morgan, 2000), so perhaps localization studies alone do not warrant placement of Sid1-

Cdc14 upstream of Sid2. 

At first glance the MEN and SIN pathways regulate different processes:  mitotic 

exit in budding yeast, and cytokinesis in fission yeast.  However, various lines of 

evidence point to a role for the MEN in cytokinesis, including the prominent cell 

separation defect of net1-1 tem1∆ and net1-1 cdc15∆ strains (Lippincott et al., 2001; 

Shou et al., 1999), and the re-localization of MEN components from the SPB to the bud 

neck during late anaphase (Frenz et al., 2000a; Song et al., 2000; Xu et al., 2000).  An 

intriguing hypothesis is that the mobilization of Cdc14 activity by the MEN helps ensure 
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the sequential progression of mitotic exit and cytokinesis.  Specifically, the liberated 

Cdc14 dephosphorylates and hyperactivates Cdc15 (Jaspersen and Morgan, 2000), which 

may serve to re-direct the activity of Cdc15/Mob1/Dbf2 from the spindle pole body to the 

cleavage furrow.  

 

Materials and Methods 

Yeast Methods 

The yeast strains used in this study are listed in Table 1.  All strains are derivatives of 

W303 (can1-100, leu2-3, -112, his3-11, -15, trp1-1, ura3-1, ade2-1).  Chromosomal 

DBF2 in haploid strains was tagged with FLAGHis6HA3 (FHH) by transformation with 

StuI-linearized p03-DBF2TS (RDB884), a pRS303 (Sikorski and Hieter, 1989) plasmid 

with nucleotides (nt) -266→+45 of DBF2, the PCR-generated FHH tag, followed by nt 

+49→+425 of DBF2 inserted into the PvuII site.  Diploid strains were constructed by 

mating chromosomally tagged FHHDBF2 strains with untagged strains, with the exception 

of YAM2, in which the untagged strains were mated and the resulting diploid strain 

(YAM10) was transformed with p03-DBF2TS.  The dbf2-2 strain, RJD1218, was 

transformed with pAM17, pAM18, pAM19, pAM20, pAM21, and pRS129, to obtain 

strains YAM4, YAM5, YAM6, YAM7, YAM8, and YAM9, respectively, and grown on 

minimal media (SD) supplemented with the appropriate nutrients, excluding tryptophan.  

All other strains were grown in 1% yeast extract, 2% peptone, 2% dextrose (YPD). 
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Plasmid and Baculovirus Constructions 

The plasmids constructed for this study are listed in Table 2.  Sequences of 

oligonucleotides and details of constructs are available upon request.  All PCR-amplified 

coding sequences were verified by DNA sequencing. 

FHH and the N-terminal portion of DBF2 (nt +49→+437) were amplified by PCR 

from p03DBF2TS with primers that generated RsrII and EcoRI sites at the 5' and 3’ ends, 

respectively.  The remainder of DBF2 was obtained as an EcoRI fragment from pRS304-

DBF2-myc (a gift from C. L. Denis, U. of New Hampshire).  The two fragments were 

ligated into the RsrII/EcoRI sites of pFastBac1 (Gibco-BRL) to yield pAM1.  DBF2 was 

subjected to site-directed mutagenesis using pAM1 as a template, to create a kinase–

inactive mutant (pAM7) and the phosphorylation site mutants (pAM8, pAM9, pAM10). 

 MOB1 was cloned into pFastBacHTa(-XhoI), which contains a His6 (H6) tag and 

lacks the XhoI site, removed by XhoI cleavage, followed by Klenow fill-in before 

religation.  MOB1 was amplified from pRSETA-MOB1(1-314) (a gift from F. Luca, U. 

of Penn.) by PCR, creating a BamHI site at the 5’ end and XhoI and EcoRI sites at the 3’ 

end.  MOB1 was ligated into the BamHI/EcoRI sites of pFastBacHTa(-XhoI) to yield 

pAM4.  An XhoI-EcoRI fragment that contained the TEV2Myc9 (TM9) tagging cassette 

(two tobacco etch virus protease sites followed by nine copies of the Myc epitope and a 

stop codon) was ligated into the XhoI/EcoRI sites of pAM4 to yield pAM5.  The Bac-to-

Bac baculovirus system (Gibco-BRL) was subsequently used to generate recombinant 

baculoviruses. 
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 DBF2 was subcloned into pRS129, a pRS314-based (CEN ARS) plasmid with a 

GAL1 promoter, for RJD1218 transformations.  pAM1 was cleaved with RsrII, the ends 

blunted, and then digested with SpeI.  FHHDBF2 was ligated into the SmaI/SpeI sites of 

pRS129, yielding pAM17. The same procedure was used for obtaining pAM18, pAM19, 

pAM20, and pAM21 (Table 2). 

 

Yeast Extract Immunoprecipitation and Kinase Assay 

Yeast strains were grown in YPD at 25°C to an OD600 of 0.5, and half of each culture was 

shifted to 37°C for ~3 hr, until greater than 90% of the cells at 37°C had arrested.  ~25 

OD600 units of cells were harvested and washed with Solution A (150 mM NaCl, 50mM 

Tris [pH 7.4]) and resuspended in 200 µl Lysis Buffer (150 mM NaCl, 50 mM Tris [pH 

7.4], 2 mM EDTA [pH 8.0], 1% Triton, 10% glycerol, 2 mM dithiothreitol (DTT), 25 

µg/ml aprotinin, 10 µg/ml pepstatin, 10 µg/ml chymostatin, 10 µg/ml leupeptin, 1 mM 

benzamidine, 1 mM PMSF, 10 mM NaF, 60 mM β-glycerophosphate, 10 mM sodium 

pyrophosphate, 2 mM sodium vanadate).  An equal volume of glass beads was added, 

and the cells were lysed by 8 cycles of vortexing and icing, at 30 sec intervals.  The 

lysates were clarified by centrifugation and supplemented with 1µl 12CA5 (anti-HA 

monoclonal antibody), incubated on ice for 1 hr, then added to 10 µl of Protein A beads 

(Sigma).  The samples were rotated for 1 hr at 4°C, and the beads were washed 3 times 

with Lysis Buffer, twice with Solution B (150 mM NaCl, 50 mM Tris [pH 7.4], 2 mM 

EDTA [pH 8.0], 1% Triton, 10% glycerol, 2 mM DTT), and once with Solution A, then 

washed with Dbf2 Kinase Buffer (DKB:  50 mM Tris [pH 7.4], 60 mM potassium 
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acetate, 10 mM magnesium chloride, 1 mM DTT, 10 µM ATP) before incubation at room 

temperature for 30 min in 10 µl of DKB with 2 µCi of [γ-32P]ATP and 5 µg of calf 

thymus H1 histone (Sigma).  Reactions were stopped with 2X SDS-PAGE sample buffer 

and analyzed by SDS-PAGE.  FHHDbf2 levels were detected by Western blotting using 

the primary antibody 12CA5, followed by goat anti-mouse horse radish peroxidase 

(HRP)-conjugate (Biorad), and ECL+ (Amersham).  The H1 kinase assay was evaluated 

by Phosphorimager. 

 

Baculovirus Protein Expression and Purification 

Hi5 insect cells were infected with the appropriate baculovirus at an MOI of 10.  Cells 

infected with the recombinant Cdc15H6 or Cdc15(K54L)H6 baculoviruses (gifts from D. 

O. Morgan, UCSF) were collected after 72 hr.  FHHDbf2 baculovirus-infected cells were 

harvested 48 hr post-infection, as were cells co-infected (at a 1:1 ratio) with H6Mob1TM9 

baculovirus.  Insect cells treated with okadaic acid were incubated for 3 hr in 0.1µM 

okadaic acid (Gibco-BRL) prior to harvesting.  Harvested cells were washed once in 1X 

PBS and resuspended in 500 µl of cold Buffer A (10 mM HEPES-KOH [pH 7.5], 150 

mM NaCl, 20 mM β-glycerophosphate, 5 mM EGTA, 5 mM β-mercaptoethanol, 1% 

CHAPS, 1 mM phenylmethylsulfonylfluoride (PMSF), 10 µg/ml pepstatin, 10 µg/ml 

leupeptin, and 10 µg/ml chymostatin; 0.1 mM sodium orthovanadate and 3 µM 

microcystin were supplemented in Buffer A for okadaic acid-treated cells) per 107 cells, 

then incubated on ice for 15 min. 
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Cdc15H6 was purified by adding the clarified lysate to 100 µl Ni-NTA beads 

(Qiagen) and incubating at 4°C for 1 hr on a rotator.  The beads were washed 6 times 

with Buffer B (10 mM HEPES-KOH [pH 7.5], 500 mM NaCl, 20 mM β-

glycerophosphate, 5 mM EGTA, 5 mM β-mercaptoethanol, 0.1% CHAPS; 0.1 mM 

sodium orthovanadate was supplemented in Buffer B for okadaic acid-treated cells), then 

eluted with 100 µl of Buffer C (10 mM HEPES-KOH [pH 7.5], 25 mM NaCl, 20 mM β-

glycerophosphate, 5 mM EGTA, 5 mM β-mercaptoethanol, 200 mM imidazole [pH 7.5]) 

for 10 min at 4°C.  The eluted protein was dialyzed twice for 2 hr in 500 mL HBS (10 

mM HEPES-KOH [pH 7.5] and 150 mM NaCl) supplemented with 1 mM DTT and 1 

mM EDTA.  The same procedure was used in the purification of Cdc15(K54L)H6.  

Purification of FHHDbf2 and FHHDbf2-H6Mob1TM9 was as for Cdc15H6, but Anti-FLAG M2 

beads (Sigma) were used instead and not eluted. 

 

Protein Kinase Assays with Recombinant Proteins 

Bead-bound FHHDbf2 and FHHDbf2- H6Mob1TM9 were freeze-thawed once and washed 

three times with TBST (50 mM Tris [pH 7.6], 150 mM NaCl, 0.2% Triton) before being 

used in kinase assays.  H1 kinase assays with baculovirus-expressed FHHDbf2 were 

performed as described in the section 'Yeast Extract Immunoprecipitation and Kinase 

Assay'.  Phosphorylation of various FHHDbf2-based substrates by Cdc15H6 was performed 

by washing beads with Cdc15 Kinase Buffer (CKB:  50 mM HEPES-KOH [pH 7.5], 5 

mM MgCl2, 2.5 mM MnCl2, 5 mM β-glycerophosphate, 1 mM DTT, 20 µM ATP) and 

incubating in CKB and 2 µCi of [γ-32P]ATP for 30 min at room temperature.  To monitor 
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activation of FHHDbf2 substrates by Cdc15H6, immobilized FHHDbf2 substrates were 

washed with CKB and then incubated with CKB (with 1 mM ATP) and Cdc15H6 for 30 

min at room temperature.  The beads were washed 3 times with TBST to remove cold 

ATP and Cdc15H6, washed once with DKB, then incubated with DKB, 2 µCi of [γ-

32P]ATP, and 5 µg histone H1 for 30 min at room temperature.  HBS was substituted for 

Cdc15H6 in controls.  Kinase reactions were stopped with 2X SDS-PAGE sample buffer 

and analyzed by SDS-PAGE.  Protein levels were detected by Western blotting with anti-

His6 (Santa Cruz Biotechnology) followed by goat anti-rabbit HRP-conjugate (Biorad) 

and ECL+ (Amersham).  Phosphorimager analysis was used to evaluate kinase assays. 

 

Phosphopeptide Mapping 

FHHDbf2- H6Mob1TM9 and the FHHDbf2 mutants were retrieved from insect cells on Anti-

FLAG beads and were incubated with Cdc15H6 in CKB containing 1 µM of ATP and 2 

µCi of [γ-32P]ATP for 30 min at room temperature.  The samples were fractionated by 

SDS-PAGE and transferred to nitrocellulose.  [γ-32P]-labeled FHHDbf2 was detected by 

autoradiography and excised.  The samples were then digested with trypsin and prepared 

for phosphopeptide mapping as described (Boyle et al., 1991).  The digested peptides 

were resuspended in 2.2% formic acid, 7.8% glacial acetic acid (pH 1.9 Buffer) and 

resolved on thin-layer cellulose plates (EM Science) by electrophoresis in the first 

dimension (pH 1.9 Buffer) and chromatography (37.5% 1-butanol, 25% pyridine, 7.5% 

glacial acetic acid) in the second dimension.  Peptides were visualized by 

autoradiography. 
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Figures 

Figure 2-1:  Dbf2 kinase activity in MEN mutants. 

(A)  Dbf2 kinase activity is decreased in the tem1-3 and cdc5-1 strains at the permissive 

temperature, but severely reduced in the tem1-3 and cdc15-2 strains at the restrictive 

temperature.  The temperature sensitive strains tem1-3, cdc5-1, cdc15-2, and cdc14-1 

with chromosomally tagged DBF2 (FHHDBF2) were grown at the permissive temperature 

of 25°C, and then half of each culture was shifted to 37°C, the restrictive temperature, for 

~3 hr.  An untagged strain was used as a negative control.  Cells were lysed with glass 

beads, FHHDbf2 was immunoprecipitated with anti-HA monoclonal antibody 12CA5 

bound to Protein A beads, and bead-bound histone H1 kinase activity was evaluated (top 

panel) and quantitated by Phosphorimager.  Phosphorimager analysis of an anti-HA 

immunoblot (bottom panel) was used to estimate FHHDbf2 levels.  The ratios of histone 

H1 kinase activity/FHHDbf2 antigen level are plotted in the graph.   

(B)  In the mob1-77/mob1-77 mutant, Dbf2 kinase activity is greatly diminished.  

Immunoprecipitations, H1 kinase assays, and quantitations were performed as in (A), but 

with diploid strains. 
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Figure 2-2:  Active Dbf2 is obtained from okadaic acid-treated insect cells when co-

expressed with Mob1. 

(A)  Okadaic acid- and Mob1-dependent activation of Dbf2 expressed in insect cells.  Hi5 

insect cells were infected with FHHDbf2 or co-infected with FHHDbf2 and H6Mob1TM9 

baculoviruses.  Okadaic acid (O.A.) treatment (lanes 2 and 4) was for 3 hr prior to 

harvesting cells.  Anti-FLAG beads were used for immunoprecipitation, and bead-bound 

FHHDbf2 and FHHDbf2-H6Mob1TM9 were subjected to an H1 kinase assay with [γ-32P]ATP, 

which was evaluated by phosphorimaging (lower panel).  FHHDbf2 and H6Mob1TM9 

proteins were evaluated by immunoblotting with anti-His6 (top panel).  The samples 

shown in lanes 1 and 2 of the upper panel were overloaded 6-fold to compensate for the 

reduced accumulation of Dbf2 in insect cells.   

(B)  H1 phosphorylation is attributed to Dbf2.  The indicated FHHDbf2 and H6Mob1TM9 

complexes were isolated from insect cells treated with (even-numbered lanes) or without 

(odd-numbered lanes) okadaic acid, and evaluated for autophosphorylation (lanes 1-4) or 

histone H1 kinase activity (lanes 5-8) as described in (A)  The identity of the band 

marked with the asterisk is not known. 
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Figure 2-3:  Dbf2 kinase activity is dependent on Mob1 and is activated by Cdc15 

protein kinase.   

(A)  Cdc15 phosphorylates Dbf2, activating its Mob1-dependent kinase activity in the 

presence of ATP.  Baculovirus-expressed FHHDbf2, FHHDbf2-H6Mob1TM9, and 

FHHDbf2(N305A)-H6Mob1TM9 attached to beads were incubated with (+) or without (-) 

Cdc15H6 purified from insect cells, in Cdc15 Kinase Buffer (CKB) containing no ATP (-) 

or 1 mM ATP (+).  The beads were then washed and half were subjected to 

immunoblotting with anti-His6 (top and middle panels).  The other half was incubated 

with Dbf2 Kinase Buffer containing histone H1 and [γ-32P]ATP.  Reaction products were 

detected by Phosphorimager (bottom panel).   

(B)  Dbf2 and Mob1 are phosphorylated by Cdc15.  Same as (A), except that FHHDbf2 

substrates were incubated with Cdc15H6 in the presence of 20 µM ATP plus [γ-32P]ATP.  

The top panel shows Phosphorimager analysis of the kinase reaction.  The bottom three 

panels are the protein levels as detected by staining with Coomassie Blue.   

(C)  Kinase–inactive Cdc15 neither phosphorylates nor activates Dbf2.  FHHDbf2-

H6Mob1TM9 was incubated with buffer (lane 1), Cdc15(K54L)H6, or Cdc15H6 as in (B) 

(top panel), or subjected to an H1 kinase assay as in (A) (middle panel).  Reaction 

products were visualized by phosphorimaging.  The bottom panel shows Cdc15H6 levels 

as detected by immunoblotting with anti-His6. 
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Figure 2-4:  Direct phosphorylation of Dbf2 by Cdc15 is required for Dbf2 kinase 

activity and DBF2 function. 

(A)  S374A and T544A mutations prevent Dbf2 activation by Cdc15.  Baculovirus-

expressed wild-type FHHDbf2, kinase–inactive FHHDbf2(N305A), and the phosphorylation 

site mutants FHHDbf2(S374A), FHHDbf2(T544A), and FHHDbf2(S374A/T544A) were co-

expressed with H6Mob1TM9, purified on FLAG resin, treated with Cdc15H6 and assayed 

for H1 kinase activity as in Figure 3A.  The top two panels are anti-His6 Western blots 

and the bottom panel displays the kinase activity, detected by autoradiography.   

(B)  Tryptic map of Dbf2 phosphorylation sites.  Bead-bound (I) FHHDbf2-H6Mob1TM9, 

(II) FHHDbf2(N305A)-H6Mob1TM9, (III) FHHDbf2(S374A/T544A)- H6Mob1TM9, and (IV) 

FHHDbf2 from insect cells were phosphorylated by Cdc15H6 as in Figure 3B with [γ-

32P]ATP.  The proteins were transferred onto nitrocellulose and FHHDbf2 was excised and 

digested into peptides, which were separated in two dimensions and detected by 

autoradiography.  (I) and (II) were exposed for 1 day, (III) and (IV) for 5 days, though the 

intensity was normalized with Photoshop using peptide 6.   

(C)  Dbf2 phosphorylation sites S374 and T544 are required in vivo.  Plasmids containing 

(1) FHHDBF2, (2) FHHDBF2(N305A), (3) FHHDBF2(S374A) , (4) FHHDBF2(T544A), (5) 

FHHDBF2(S374A/T544A), or (6) vector alone, were introduced into a dbf2-2 strain, and 

transformants were grown on SD -TRP plates at 25°C and 37°C.  Sector 7 was streaked 

with the untransformed strain. 
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Tables 

Table 2-1:  Yeast strains used for this study. 

Strain  Relevant Genotype     
 
YAM1  MATa/MATα DBF2::FHHDBF2 (HIS3)/+ 
 
YAM2  MATa/MATα mob1-77/mob1-77 DBF2::FHHDBF2 (HIS3)/+ 

YAM3  MATa/MATα cdc15-2/cdc15-2 pep4::TRP1/pep4::TRP1 bar1::LEU2/+ DBF2::FHHDBF2 

(HIS3)/+ 

YAM4  MATα dbf2-2 [pGAL1-FHHDBF2/TRP1] 

YAM5  MATα dbf2-2 [pGAL1-FHHDBF2(N305A)/TRP1] 

YAM6  MATα dbf2-2 [pGAL1-FHHDBF2(S374A)/TRP1] 

YAM7  MATα dbf2-2 [pGAL1-FHHDBF2(T544A)/TRP1] 

YAM8  MATα dbf2-2 [pGAL1-FHHDBF2(S374A/T544A)/TRP1] 

YAM9  MATα dbf2-2 [pRS129] 

RJD361  MATα  

RJD381  MATa/MATα 

RJD1218 MATα dbf2-2 

RJD1224 MATa DBF2::FHHDBF2 (HIS3) 

RJD1225 MATα cdc5-1 DBF2::FHHDBF2 (HIS3) 

RJD1228 MATα cdc14-1 DBF2::FHHDBF2 (HIS3) 

RJD1264 MATa tem1-3 bar1::hisG DBF2::FHHDBF2 (HIS3) 

RJD1265 MATa cdc15-2 bar1::LEU2 pep4::TRP1 DBF2::FHHDBF2 (HIS3) 

 

a All strains are in the W303 background (ura3, leu2, trp1, his3, ade2). 
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Table 2-2:  Plasmids constructed for this study. 

Plasmid  Construct    Alias     

RDB884  pRS303-FHHDBF2(nt+49→425) 
 
RDB1267 pFastBac1-FHHDBF2   AM1 
 
RDB1331 pFastBacHTa(-XhoI)-H6Mob1  AM4 

RDB1335 pFastBacHTa(-XhoI)-H6Mob1TM9  AM5 

RDB1337 pFastBac1-FHHDBF2(N305A)   AM7 

RDB1351 pFastBac1-FHHDBF2(S374A)   AM8 

RDB1352 pFastBac1-FHHDBF2(T544A)   AM9 

RDB1354 pFastBac1-FHHDBF2(S374A/T544A)  AM10 

RDB1414 pRS129-FHHDBF2   AM17 

RDB1415 pRS129-FHHDBF2(N305A)  AM18 

RDB1416 pRS129-FHHDBF2(S374A)   AM19 

RDB1417 pRS129- FHHDBF2(T544A)  AM20 

RDB1418 pRS129- FHHDBF2(S374A/T544A)  AM21 
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Chapter 3:  Substrate Specificity Analysis of Protein Kinase Complex 

Dbf2-Mob1 by Peptide Library and Proteome Array Screening  

Angie S. Mah, Andrew E. H. Elia, Geeta Devgan, Jason Ptacek, Michael Snyder, Michael 

B. Yaffe, Raymond J. Deshaies.  Manuscript in preparation.  (Contribution from AEHE: 

Table 1; GD and JP:  proteome chip screening; MBY:  Figure 3-1A).   

 

Summary 

The mitotic exit network (MEN) is a group of proteins that form a signaling cascade that 

is essential for cells to exit mitosis in Saccharomyces cerevisiae.  The MEN has also been 

implicated in playing a role in cytokinesis.  Two components of this signaling pathway 

are the protein kinase Dbf2 and its binding partner essential for its kinase activity, Mob1.  

The components of MEN that act upstream of Dbf2-Mob1 have been characterized, but 

physiological substrates for Dbf2-Mob1 have yet to be identified.  Using a combination 

of peptide library scanning and evaluation of chemically synthesized peptides, we found 

that Dbf2-Mob1 preferentially phosphorylated serine over threonine and required an 

arginine three residues upstream of the phosphorylated serine in its substrate.  This 

requirement for arginine in peptide substrates could not be substituted with the similarly 

charged lysine.  This specificity determined for peptide substrates was also evident in 

many of the proteins phosphorylated by Dbf2-Mob1 in a proteome chip analysis.  We 

have determined that the protein kinase Dbf2-Mob1 preferentially phosphorylated 

substrates that contain an RXXS motif.  A combination of peptide library and proteome 
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microarray screening has identified putative Dbf2-Mob1 substrates and phosphorylation 

sites that may play critical roles in mitotic exit and cytokinesis.   

 

Introduction 

In the budding yeast Saccharomyces cerevisiae the protein phosphatase Cdc14 must be 

activated to turn off mitotic Cdk activity for cells to exit mitosis.  There are two groups of 

proteins that regulate Cdc14 activity, the Cdc14 early anaphase release (FEAR) network 

and the mitotic exit network (MEN) (reviewed in D'Amours and Amon, 2004).  

There is one cyclin-dependent kinase (Cdk), Cdc28, that controls cell cycle 

progression in S. cerevisiae.  By associating with mitotic cyclins, Cdc28 promotes entry 

into mitosis.  Cdc14 plays a critical role in inactivating mitotic Cdk activity, thereby 

promoting exit from mitosis.  Cdc14 dephosphorylates Hct1/Cdh1 which can then target 

Clb2, the main mitosis-specific cyclin, for degradation (Jaspersen et al., 1999; Schwab et 

al., 1997; Visintin et al., 1998; Zachariae et al., 1998).  Cdc14 also promotes the 

accumulation of Sic1, a Cdk inhibitor, by acting on Sic1 as well as transcriptional 

activator Swi5, which promotes transcription of SIC1 (Moll et al., 1991; Visintin et al., 

1998).  Together, the degradation of mitotic cyclins and the production of active Sic1 

conspire to down-regulate Cdc28 activity and return the cell cycle to an interphase state. 

Cdc14 is held in an inactive state in the nucleolus by its inhibitor, Net1 (Shou et 

al., 1999; Visintin et al., 1999).  Cdc14 is tethered to Net1 throughout the cell cycle until 

the onset of anaphase, at which time it is released.  The FEAR network and MEN both 

regulate Cdc14 release and therefore its activity (reviewed in D'Amours and Amon, 2004; 
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Stegmeier and Amon, 2004).  The FEAR network initiates early anaphase release of 

Cdc14 from the nucleolus by promoting Net1 phosphorylation by mitotic Cdks, 

weakening the interaction between Cdc14 and Net1 (Azzam et al., 2004).  The FEAR 

network consists of Esp1 (also known as separase), polo-like kinase Cdc5, the 

kinetochore protein Slk19, the nuclear protein Spo12, and its homologue Bns1.  The 

action of these proteins is opposed by Pds1 (also known as securin) and the nucleolar 

replication fork block protein Fob1 (Stegmeier et al., 2004; Stegmeier et al., 2002; 

Sullivan and Uhlmann, 2003).  However, it is still unclear how the factors that promote 

and restrain FEAR interact.  Although the release of Cdc14 in early anaphase by the 

FEAR network is transient and insufficient for mitotic exit, exit is delayed when the 

FEAR network is compromised by mutation.  One possible explanation is that the FEAR 

network weakens the Cdc14-Net1 interaction, enabling the MEN to more rapidly cause a 

sustained release of Cdc14.  The FEAR network also has other mitotic functions that may 

play an important role in coordinating events during exit from mitosis (reviewed in 

D'Amours and Amon, 2004; Stegmeier and Amon, 2004). 

In contrast to the FEAR network, the MEN is essential for mitotic exit (reviewed 

in Bardin and Amon, 2001; D'Amours and Amon, 2004; Stegmeier and Amon, 2004).  

This pathway consists of the GTPase Tem1, the putative guanine-nucleotide exchange 

factor (GEF) Lte1, the two-component GTPase activating protein  (GAP) Bub2-Bfa1, the 

protein kinases Cdc5, Cdc15, Dbf2, the Dbf2 binding protein Mob1, and the scaffolding 

protein, Nud1.  Genetic and biochemical data have provided significant insight into how 

this signaling cascade is activated by the localization of its components.  Bub2-Bfa1 

binds and inhibits Tem1 at the spindle pole body (SPB) that enters the daughter cell 
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during nuclear division.  As the spindle elongates into the bud, Tem1 is presumably 

activated by Lte1, which is localized in the bud  (Bardin et al., 2000; Pereira et al., 2000).  

The activated GTP-bound form of Tem1 then somehow activates bound Cdc15, which 

then phosphorylates and activates the Dbf2-Mob1 kinase complex (Mah et al., 2001).  

However, how activated Dbf2-Mob1 affects Cdc14 release from Net1 and mitotic exit is 

unknown. 

In addition to their role in mitotic exit, Dbf2-Mob1 and the other MEN proteins 

function in cytokinesis.  Dbf2 localizes to the SPB in anaphase as do Tem1, Cdc5, 

Cdc15, and Mob1 (Bardin et al., 2000; Frenz et al., 2000a; Hwa Lim et al., 2003; Pereira 

et al., 2000; Visintin and Amon, 2001; Xu et al., 2000).  During late mitosis, Dbf2 and 

Mob1 migrate to the bud neck.  Bud neck localization of Dbf2 and Mob1 are dependent 

on each other as well as the MEN proteins Cdc5, Cdc14, Cdc15, Nud1, and the septins 

Cdc12 and Cdc3 (Frenz et al., 2000a; Luca et al., 2001; Yoshida and Toh-e, 2001).  

Several lines of evidence suggest that localization of MEN proteins to the bud neck is 

crucial for cytokinesis.  Mutant mob1ts cells, as well as tem1∆ net1-1 and cdc15∆ net1-1 

cells whose mitotic exit defects are bypassed by the net1-1 allele fail to undergo 

cytokinesis (Lippincott et al., 2001; Luca et al., 2001; Shou et al., 1999).  Interestingly, 

localization of Dbf2–Mob1 to the bud neck depends upon Cdc14 (Frenz et al., 2000b; 

Luca et al., 2001).  MEN-dependent release and activation of Cdc14 may help to ensure 

that mitotic exit occurs prior to cytokinesis.   

  The function of Dbf2-Mob1 in cytokinesis is unclear.  Also unknown is how 

Dbf2-Mob1 ultimately leads to release of Cdc14 from the nucleolus during mitotic exit.  

To give us insight into these two key cell cycle processes, we sought to identify potential 
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substrates and phosphorylation sites of Dbf2-Mob1.  Here, we report the substrate 

specificity of Dbf2-Mob1 and a number of putative substrates that contain a Dbf2 

phosphorylation motif and are phosphorylated by Dbf2–Mob1 in vitro. 

 

Results 

Determination of optimal peptide sequence motif phosphorylated by Dbf2-Mob1  

To identify potential physiological substrates of Dbf2-Mob1, we first proceeded to 

determine an optimal substrate sequence by using an oriented degenerate peptide library 

technique (Obata et al., 2000).  Dbf2, a Ser/Thr kinase, was initially tested to determine 

whether there was a preference for phosphorylation on Ser or Thr residues.  Degenerate 

peptide libraries containing either a fixed Ser residue, XXXXSXXXX, or a fixed Thr 

residue, XXXXTXXXX, were incubated with [γ-32P]ATP and Dbf2-Mob1 that was 

expressed in insect cells, purified, and activated by recombinant Cdc15.  All amino acids 

except Cys, Ser, Thr, and Tyr are represented by X, where the last 3 residues were 

omitted to limit phosphorylation to the fixed Ser or Thr.  The level of phosphorylation 

was determined by the amount of radioactive phosphate incorporated in the peptides.  

Dbf2-Mob1 had a two-fold preference for Ser phosphorylation over Thr (Table 1).   

As Dbf2-Mob1 had a preference for Ser, two other degenerate peptide libraries 

with fixed Ser residues (position 0) were tested for the amount of phosphate incorporated 

after treatment with Dbf2-Mob1.  One of the libraries tested was the RS library with 

degenerate sequence of XXXXRXXSXXXX, containing the fixed Ser along with Arg 
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fixed at position -3.  The other library tested was the Cdk site library, with the fixed Ser 

residue along with a fixed Pro in position  +1, resulting in the degenerate sequence of 

XXXXSPXXXX.  The RS library was found to incorporate 8 times more phosphate than 

the SP library (Table 1).  As a result, the RS library was used to determine an optimal 

Dbf2-Mob1 substrate motif.  Sequencing a pool of Dbf2-phosphorylated peptides 

enriched from the RS library revealed a strong preference for Ile and Phe at the -2 and -1 

positions, respectively (Table 2).  There was a moderate selection for Met at both the -4 

and +1 positions (Table 2).  The predicted optimal consensus motif for Dbf2-Mob1 

substrates was determined to be MRIFSM. 

 

Optimal sequence phosphorylation efficiency 

To evaluate the contribution of each residue in the predicted optimal consensus motif, we 

synthesized a peptide based on the consensus motif, as well as a set of variants in which 

each position was substituted by an alanine residue (Figure 1A).  Peptides with Tyr at –1 

(F-1Y) and Lys at -3 (R-3K) were also synthesized to determine whether the selection of 

Phe at position -1 could be replaced by another bulky residue like Tyr, or if the Arg at 

position -3 could be substituted with the similarly charged Lys.  The NT-Control peptide 

contains a substitution in the Arg residue that lies outside of the predicted consensus 

motif to determine whether there is a selection at that position.  Finally, the “inhibitor” 

peptide is the same as the consensus except that the Ser phosphorylation site was replaced 

with Ala.  
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The synthetic peptides were treated with Dbf2-Mob1 in vitro for 0, 4, 8 or 12 

minutes and the amount of phosphorylation was determined (Figure 1B).  As a negative 

control, the optimal consensus peptide was treated in parallel with the kinase-inactive 

Dbf2(N305A)-Mob1 that had undergone the same treatment with Cdc15 as the wild type 

Dbf2-Mob1 complex (Opt D2M).  As expected, the inhibitor peptide, as well as the R-3A 

peptide both had negligible levels of phosphorylation (Figure 1B; Inh, R-3A).  The 

optimal peptide treated with kinase inactive Dbf2(N305A)-Mob1 was also negligibly 

phosphorylated (Figure 1B; Inh).  For the remaining peptides in which measurable levels 

of phosphorylation were detected, the Vmax and kcat for Dbf2-Mob1 were calculated 

(Figure 1C).   

There did not appear to be selection for Ile at the -2 position nor selection for the 

Arg in the -7 position outside of the consensus motif, as both mutant peptides were 

phosphorylated to a similar degree as the optimal peptide (Figure 1B; I-2A, NT, Opt), 

with similar Vmax and kcat values for Dbf2-Mob1 (Figure 1C).  Mutations of the bulkier 

groups at positions -1, -4, and +1 to Ala actually increased the amount of phosphorylation 

of the peptides (Figure 1B; F-1A, M-4A, M+1A), increasing the Vmax and kcat values for 

Dbf2-Mob1 (Figure 1C).  This was surprising because the peptide library screen had 

indicated a strong selection for Phe at position -1.  Interestingly, the substitution of Arg 

by Lys in position -3 decreased the amount of peptide phosphorylation to a level 

comparable to the negative controls (Figure 1B; R-3K).   Taken together, these results 

revealed a preference for non-bulky residues proximal to the Ser phosphorylation site and 

that the critical Arg required for substrate phosphorylation cannot be substituted with 

Lys, at least in the context of a peptide substrate. 
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Proteome array screen identifies in vitro Dbf2-Mob1 substrates 

The relatively low sequence complexity of the Dbf2 phosphorylation motif diminished 

the power of using genome-wide bioinformatics screens to identify putative substrates.  

Accordingly, we carried out a proteome array screen to identify putative yeast substrates.  

Proteome chips spotted with ~4,400 different glutathione-S-transferase (GST) fusion 

proteins purified from yeast were probed with activated Dbf2-Mob1, kinase-inactive 

Dbf2(N305A)-Mob1, and buffer alone.  After taking into account the proteins 

phosphorylated in the negative controls, 67 proteins were determined to be putative 

Dbf2-Mob1 substrates (Table 3).   

To confirm that the proteins identified in the proteome array screen could be 

phosphorylated by Dbf2-Mob1 as opposed to being bound to Dbf2 substrates, we 

performed further analysis on the 25 proteins with the highest incorporation signal 

relative to protein amount (relative protein amounts were determined by anti-GST 

immunoblot of the proteome chip).  Interestingly, three or more copies of this motif were 

found in 16, or 64%, of the proteins in the list (Table 4), compared to only 29% of the 

proteins encoded in the yeast genome.  This enrichment for proteins with three or more 

copies of the RXXS motif is highly significant (p = 1.2 X 10-4; G. Kleiger, unpublished 

data). 

TAP-tagged strains were obtained for 22 of the 25 top candidates.  TAP-tagged 

alleles for three of the genes (YJL108C, YBR285W, and YBR108W) were not available, 

and therefore these candidates were not subjected to further analysis.  Asynchronous 

cultures of the 22 TAP-tagged strains were grown and the TAP-tagged proteins 
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immunoprecipitated with IgG sepharose and analyzed by Western blotting (Figure 2A).  

Candidates were determined to be phosphorylated if a radioactive signal was detected at 

the molecular weight predicted for the tagged protein.  Of the 22 strains in which 

immunoprecipitations were performed, YBR138C (HDR1), YAL051W (OAF1), 

YNL101W (AVT4), YIL135C (VHS2), and YMR184W did not have detectable protein 

expression.  The 17 TAP-tagged proteins that were expressed and purified were used in 

Dbf2-Mob1 kinase assays (Figure 2B).  Of the 17, 10 were determined to be 

phosphorylated.  To determine whether the phosphorylation of these proteins was specific 

to Dbf2-Mob1, rather than due to a co-precipitating protein kinase or residual Cdc15 used 

to activate Dbf2-Mob1, kinase assays were performed using kinase-inactive 

Dbf2(N305A-Mob1) as a negative control (Figure 2C).  In all cases, there was a strong 

decrease in incorporation when kinase-inactive Dbf2-Mob1 was used.  These results 

suggest that the proteins identified by the proteome chip screen were indeed substrates of 

Dbf2-Mob1. 

 

Discussion 

The substrate used to test Dbf2-Mob1 kinase activity, histone H1, is a commonly used 

artificial substrate for many protein kinases.  We wanted to find physiological protein 

substrates of Dbf2-Mob1.  To do so, we first sought to define the optimal 

phosphorylation site motif for Dbf2-Mob1 substrates.  Peptide library screening revealed 

the putative optimal substrate motif to be MRIFSM (Figure 1A).  However, when we 

tested each residue in in vitro Dbf2-Mob1 peptide kinase assays, the only substitutions 
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that diminished incorporation were swapping the Arg in position -3 for Ala or Lys 

(Figure 2B).  The latter result was unexpected, because Ndr1, a human homologue of 

Dbf2, was proposed to phosphorylate sequences with either Lys or Arg in the –3 position 

(Millward et al., 1998).  Surprisingly, several substitutions actually resulted in an increase 

in activity.  Contrary to the predicted optimal motif with strong selectivity for Phe at 

position –1, we found that Dbf2–Mob1 prefers Ala in this position.  

The proteins identified by proteome chip screening gave further evidence that the 

RXXS motif serves as a substrate for Dbf2-Mob1 phosphorylation, as 80% of the top 25 

proteins that were identified in the proteome chip analysis contained this motif and 64% 

contained more than 3 copies of the motif.  Of these proteins, 17 were tested further and 

10 of these were identified as in vitro substrates, 8 of which have the RXXS motif.  Pre10 

and Adk1 were phosphorylated by Dbf2-Mob1 but not its kinase inactive form despite 

not having the RXXS motif (Figure 2C; Table 4).  One reason may be that both proteins 

are immunoprecipitated at high levels and therefore may serve as non-specific substrates 

of Dbf2-Mob1.  

Recently, the results of a systematic proteome array analysis of yeast protein 

kinases have been posted online (J. Ptacek et al., submitted).  There were a few 

discrepancies between the results posted online for Dbf2-Mob1 and those of Table 3.  

The discrepancies were based on the methodology for identifying positive signals.  In our 

original data set, the results were obtained by computer analysis.  Further visual analysis 

to confirm positives was performed for the data available online.  There were minor 

differences in the results, with the exception of Cbf1, Oaf1, and Htz1.  These 3 proteins 

were within the top 4 proteins that gave the highest signal in our original data set (Table 
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3) yet were not in the data set posted online.  They had further been identified as false 

positives (J. Ptacek, personal communication).  Our in vitro analysis confirmed that two 

of these proteins (Oaf1 was not tested because a TAP-tagged strain was not available) 

were indeed negatives as neither Cbf1 nor Htz1 were found to be phosphorylated by 

Dbf2-Mob1 (Figure 2B). 

  In attempts to confirm whether any of the Dbf2–Mob1 substrates identified by our 

analyses are true physiological substrates of this complex, we took four approaches.  

First, we examined whether any of the substrates undergo a molecular weight shift upon 

their phosphorylation by Dbf2–Mob1, which might serve as a simple diagnostic to 

evaluate phosphorylation in vivo.  Next, we immunoprecipitated each protein from yeast 

cells via the TAP tag, and immunoblotted for Mob1 to determine if the putative 

substrates were associated with the Dbf2 complex.  Third, we queried the yeast GFP 

localization database, to see if any of the candidates display SPB or bud neck localization 

characteristic of Dbf2–Mob1.  Finally, we searched a database of 700 mapped yeast 

phosphorylation sites to see if any of them reside in our candidate substrates.  

Unfortunately, none of these efforts yielded a positive result.  This experience highlights 

that validation of putative protein kinase substrates identified by proteome chip analysis 

may require considerable investment in the mapping of in vivo phosphorylation sites.  

We have determined that protein kinase Dbf2–Mob1 has a preference for 

phosphorylating peptides and proteins that bear one or more RXXS motifs. Future 

analysis of candidate Dbf2–Mob1 substrates reported here may provide significant 

insights into understanding the mechanism by which the Mitotic Exit Network brings 

about the exit from mitosis and cytokinesis. 
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Materials and Methods 

Purification and activation of Dbf2-Mob1 kinase complex 

FlagHis6HA3Dbf2 (FHHDbf2) was co-immunoprecipitated with His6Mob1TEVmyc9 (H6Mob1TM9) 

from Hi5 insect cells as previously described (Mah et al., 2001).  To activate FHHDbf2-

H6Mob1TM9, the protein complex bound to anti-FLAG M2 beads (Sigma) was incubated 

with baculovirus-expressed Cdc15His6 in the presence of kinase buffer containing 50 mM 

HEPES (pH 7.5), 5 mM MgCl2, 2.5 mM MnCl2, 5 mM β-glycerophosphate, 1 mM DTT, 

and 1 mM ATP for 30 min at room temperature.  The beads were washed three times 

with buffer containing 50 mM Tris (pH 7.6), 150 mM NaCl, 0.2% Triton X-100 to 

remove ATP and Cdc15His6.  FHHDbf2-H6Mob1TM9 was then eluted from the beads with 1 

µg/ml FLAG peptide (Sigma) in Dbf2 kinase buffer (DKB) containing 50 mM Tris (pH 

7.4), 60 mM potassium acetate, 10 mM MgCl2, 1 mM DTT, and 10 µM ATP for four 

hours at 4°C.  The same procedure was used to produce FHHDbf2(N305A)-H6Mob1TM9, 

the kinase inactive point mutant of Dbf2.  The eluted active or inactive FHHDbf2-

H6Mob1TM9 was used for subsequent assays. 

 

Peptide library screening  

Baculovirus-derived FHHDbf2-H6Mob1TM9 was used for peptide library screening.  Peptide 

library screening and data analysis were performed as previously described (Obata et al., 

2000; Songyang and Cantley, 1998; Yaffe et al., 1997).  Briefly, the RS peptide library 
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was used for screening.  This library consists of peptides with the general sequence 

MAXXXXRXXSXXXXAKKK, where X represents all amino acids except Cys, Ser, 

Thr, and Tyr.  The total library is predicted to contain 1.1 X 1012 distinct sequences.  

Peptides (~1 mg) were incubated with FHHDbf2-H6Mob1TM9, 100 µM unlabeled ATP, and 

tracer amounts of [γ-32P]ATP at 30°C for 2 h until ~0.5-1% of peptides were 

phosphorylated.  A ferric-iminodiacetic acid (IDA) column was used to separate the 

phosphopeptides from non-phosphorylated peptides.  The phosphopeptides were then 

sequenced in batch by automated Edman degradation.  Data analysis was as described 

(Yaffe et al., 1997).  Selectivity values refer to the relative preference for an amino acid 

at a given degenerate position, based on the amount of each amino acid recovered at that 

position compared to the amount in the starting library (Songyang and Cantley, 1998). 

 

Peptide kinase assays 

Synthetic peptides (Abgent) were used as substrates for FHHDbf2-H6Mob1TM9 kinase 

assays.  Reactions containing 250 µM of peptide substrate and  ~13 ng of FHHDbf2 bound 

to H6Mob1TM9 were incubated in the presence of 30 µl of DKB and 2 µCi [γ-32P]ATP at 

room temperature.  Reactions were terminated at indicated timepoints with addition of 10 

µl of stop solution (8 N HCl, 1 mM ATP).  Phosphate incorporation was determined by 

spotting reactions on P81-phosphocellulose paper (Whatman), washing with 0.5% 

phosphoric acid, air-drying the filters, and then quantifying the bound radioactivity by 

scintillation counting.  For each individual peptide, values were normalized to time zero. 
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Proteome chip assays 

Yeast proteome microarrays were prepared as previously described (Zhu and Snyder, 

2001).  Overexpressed GST-tagged yeast proteins were purified from ~4,400 yeast strains 

and spotted on slides.  To determine the optimal amount of kinase to use for probing 

proteome chips, we performed trial assays as described (J. Ptacek et al., submitted).  

Multiple dilutions of FHHDbf2-H6Mob1TM9 and kinase inactive FHHDbf2(N305A)-

H6Mob1TM9 (~20 ng/µl of Dbf2) in DKB buffer containing 2 µl [γ-33P]ATP were used on 

trial proteome chips before using on the full proteome array.  The full proteome array was 

probed with 4 µl FHHDbf2-H6Mob1TM9 in 200 µl of DKB supplemented with [γ-33P]ATP.  

As a control, FHHDbf2(N305A)-H6Mob1TM9 was used to probe the proteome array.  To 

normalize the background signal, 2 µl of  FHHDbf2(N305A)-H6Mob1TM9  in 200 µl DKB 

supplemented with [γ-33P]ATP was used.  To control for autophosphorylated proteins, the 

proteome array was probed with 200 µl of DKB supplemented with [γ-33P]ATP.  

Proteome chips were assayed in duplicate in each case.  Data analysis was performed as 

described (J. Ptacek et al., submitted).  Briefly, signals were analyzed by a computer 

algorithm designed to normalize background and identify signals as positive if 3 of 4 

spots (each protein is spotted twice on each slide and each kinase or control was tested on 

2 slides) were 2 standard deviations above background and the fourth spot was 1.5 

standard deviations above background.   
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Immunoprecipitations and kinase assays of TAP-tagged proteins 

Yeast strains containing TAP-tagged genes (Open Biosystems) were grown to OD600 ~2.0 

in 25 mL of YPD.  Cells were harvested by centrifugation and washed in buffer 

containing 150 mM NaCl and 50 mM Tris (pH 7.4).  Cells were then resuspended in 600 

µl lysis buffer containing 150 mM NaCl, 50 mM Tris (pH 7.4), 2 mM EDTA (pH 8.0), 

1% Triton-X 100, 10% glycerol, 2 mM DTT, 5 µg/ml aprotinin, 5 µg/ml pepstatin, 5 

µg/ml l chymostatin, 5 µg/ml leupeptin, 0.5 mM AEBSF, 1 mM PMSF, 10 mM NaF, 60 

mM β-glycerophosphate,. 10 mM sodium pyrophosphate, 2 mM sodium vanadate).  An 

equal volume of glass beads was added.  The cells were then lysed by 4 cycles of 

vortexing (ThermoSavant FastPrep) at 4°C for 45 s at setting 5.5 alternating with cycles 

of icing samples for 1 min.  Lysates were clarified by centrifugation then added to 60 µl 

IgG sepharose beads (Amersham) for 1 h at  4°C on a rotator.  Beads were then washed 3 

times with lysis buffer, twice with buffer containing 150 mM NaCl, 50 mM Tris (pH 

7.4), 2 mM EDTA (pH 8.0), 1% Triton-X 100, 10% glycerol, and 2 mM DTT, and a final 

wash with buffer containing 150 mM NaCl and 50 mM Tris (pH 7.4).  

Immunoprecipitated TAP-tagged proteins were analyzed by SDS-PAGE and detected by 

Western blotting using the primary antibody anti-TAP (Open Biosystems) followed by 

goat anti-rabbit horseradish peroxidase (HRP)-conjugate (Bio-Rad), and ECL.  For kinase 

assays, TAP-tagged proteins bound to 20 µl beads were washed with DKB then 

incubated with FHHDbf2-H6Mob1TM9 or FHHDbf2(N305A)-H6Mob1TM9 (~13 ng of Dbf2) 

with 2 µCi [γ-32P]ATP for 30 min at room temperature.  Kinase reactions were stopped 
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by addition of 2X SDS-PAGE sample buffer, fractionated on SDS-PAGE and detected by 

autoradiography. 
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Figures 

Figure 3-1:  Dbf2-Mob1 peptide substrate requires arginine at position -3. 

(A)  Synthetic peptides based on the predicted optimal substrate of Dbf2-Mob1.  The  

underlined residues represent the predicted preferred amino acids for Dbf2-Mob1 

substrate specificity, the asterik denotes the single amino acid substitution.   

(B)  The various peptides denoted in (A) at a concentration of 250 µM were treated with 

~13 ng of FHHDbf2 bound to H6Mob1TM9.  Reactions were halted at the indicated 

timepoints to determine the amount of phosphorylation by liquid scintillation.  The 

Optimal peptide was also treated with the kinase inactive FHHDbf2(N305A)-H6Mob1TM9 

complex, as denoted by D2M.   

(C)  Using the conditions in (B), Km and Vmax was determined for each peptide with the 

exception of R-3K, R-3A, Inhibitor and the Optimal peptide treated with kinase inactive 

FHHDbf2(N305A)-H6Mob1TM9, due to low phosphorylation. 
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Figure 3-2:  Yeast proteins phosphorylated by Dbf2-Mob1. 

(A) Of the 25 proteins with the highest phosphorylation signal as shown in Table 3, 22 of 

these genes were TAP-tagged in the Open Biosystems TAP-tagged yeast library.  The 

TAP-tagged proteins were immunoprecipitated with IgG sepharose beads from 

asynchronous cultures, fractionated on SDS-PAGE and immunoblotted with anti-TAP.  

Of the 22 strains, 5 did not have detectable protein expression, such as VHS2 as shown.  

(B)  The TAP-tagged proteins expressed in (A) were treated with FHHDbf2-H6Mob1TM9 in 

the presence of [γ-32P]ATP, fractionated on SDS-PAGE and detected by autoradiography.  

(C)  The TAP-tagged proteins phosphorylated by FHHDbf2-H6Mob1TM9 in (B) were 

treated with either FHHDbf2-H6Mob1TM9 or the kinase inactive FHHDbf2(N305A)-

H6Mob1TM9 in the presence of [γ-32P]ATP, fractionated on SDS-PAGE and detected by 

autoradiography. 
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Tables 

 

Table 3-1:  Relative phosphate incorporation into peptide libraries by Dbf2-Mob1 

kinase complex 

 
Peptide Library Relative Phosphate Incorporation 

X X X X T X X X X 1 
X X X X S X X X X 2 

X X X X R X X S X X X X 16 
X X X X S P X X X X 2 

 
Recombinant baculovirus-derived FHHDbf2-H6Mob1TM9 activated by baculovirus-derived 

Cdc15His6 was used to screen different peptide libraries.   
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Table 3-2:  Amino acids selected in a peptide library screen for Dbf2-Mob1 

substrates 

 
 
-7 -6 -5 -4 -3 -2 -1 0 +1 +2 +3 +4 
X X X M(1.4) R I(2.8) F(2.8) S M(1.4) X X X 
   F(1.1)  V(1.7) V(1.6)  I(1.1)    
     H(1.7) I(1.3)  L(1.1)    
     M(1.2) M(1.1)  V(1.1)    

 
 

Activated FHHDbf2-H6Mob1TM9 was used to screen the peptide library with the sequence 

X-X-X-X-R-X-X-S-X-X-X-X.  Relative selectivities for amino acids are indicated in 

parentheses.  Bold letters indicate amino acids that are strongly selected; X indicates no 

selectivity.  The one-letter amino acid code is used. 
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Table 3-3:  Putative Dbf2-Mob1 substrates from proteome chip screen 

ORF  
Name 

Common 
Name 

Slide Signal (after 
normalization) 

YJR060W CBF1 118.4224 
YAL051W OAF1 81.8589 
YBR138C HDR1 8.9063 
YOL012C HTZ1 4.0738 
YMR165C SMP2 3.2182 
YPL150W  3.1545 
YDR226W ADK1 3.1016 
YMR229C RRP5 2.6954 
YBR118W TEF2 2.619 
YJL108C PRM10 2.5802 
YPR091C  2.5784 
YKL168C KKQ8 2.5013 
YNL101W AVT4 2.1486 
YBR285W  1.9355 
YMR239C RNT1 1.593 
YNR047W  1.4015 
YJL076W NET1 1.3521 
YNL155W  1.2912 
YNR006W VPS27 1.1429 
YIL135C VHS2 1.116 

YMR184W  1.1144 
YDL220C CDC13 1.0274 
YBR108W  1.0216 
YDL019C OSH2 0.9962 
YOR362C PRE10 0.9895 
YNL284CA MRPL10 0.9442 
YKL077W  0.8905 
YDR134C  0.8135 
YDL002C NHP10 0.8102 
YMR072W ABF2 0.7585 
YGR038CA  0.7292 
YOR228C  0.6681 
YKL140W TGL1 0.6321 
YDL070W BDF2 0.6162 
YCR105W ADH7 0.6146 
YBL106C SRO77 0.5988 
YNL125C ESBP6 0.5694 
YHR182W  0.4773 
YJL213W  0.4755 
YDR299W BFR2 0.47 
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YPL211W NIP7 0.4521 
YML037C  0.4503 
YDR171W HSP42 0.442 
YOL104C NDJ1 0.3611 
YKL146W AVT3 0.3592 
YGL245W  0.2863 
YIL010W DOT5 0.2606 
YNL007C SIS1 0.2239 
YHL021C  0.2094 
YMR196W  0.2089 
YJR142W  0.2005 
YGR220C MRPL9 0.1976 
YLR177W  0.1626 
YJL211C  0.1594 
YML035C AMD1 0.1384 
YGL105W ARC1 0.1332 
YGR264C MES1 0.1328 

YPL257WA  0.1302 
YBL024W NCL1 0.1294 

YJR094WA  0.1141 
YLR007W NSE1 0.0988 
YLR303W MET17 0.0985 
YGR223C  0.0837 
YKR022C  0.0806 
YLL008W DRS1 0.0702 
YFR033C QCR6 0.042 
YLR004C  0.0228 

 

Activated FHHDbf2-H6Mob1TM9 was used to screen the yeast proteome chip.  Of 86 

proteins phosphorylated by FHHDbf2-H6Mob1TM9, 67 were determined to be putative 

substrates after taking into account proteins that were phosphorylated in the control slides 

treated with the kinase-inactive FHHDbf2(N305A)-H6Mob1TM9.
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Table 3-4:  Proteins with highest phosphorylation signal as selected in a proteome 

chip screen for Dbf2-Mob1 substrates 

 
ORF 

Name 
Common 

Name 
Slide Signal 

(after normalization) 
MW 

(kDa) 
# of R-3 

Sites 
YJR060W CBF1 118.4224 39 3 
YAL051W OAF1 81.8589 121 3 
YBR138C HDR1 8.9063 61 2 
YOL012C HTZ1 4.0738 14 1 
YMR165C SMP2 3.2182 95 7 
YPL150W  3.1545 100 16 
YDR226W ADK1 3.1016 24 0 
YMR229C RRP5 2.6954 193 5 
YBR118W TEF2 2.619 50 0 
YJL108C PRM10 2.5802 41 0 
YPR091C  2.5784 87 3 
YKL168C KKQ8 2.5013 84 14 
YNL101W AVT4 2.1486 80 7 
YBR285W  1.9355 17 0 
YMR239C RNT1 1.593 54 2 
YNR047W  1.4015 100 21 
YJL076W NET1 1.3521 128 11 
YNL155W  1.2912 31 1 
YNR006W VPS27 1.1429 71 4 
YIL135C VHS2 1.116 48 11 

YMR184W  1.1144 22 3 
YDL220C CDC13 1.0274 105 3 
YBR108W  1.0216 93 7 
YDL019C OSH10 0.9962 146 6 
YOR362C PRE10 0.9895 32 0 

 
Of the 68 putative FHHDbf2-H6Mob1TM9 substrates, the 25 putative substrates with the 

highest relative amount of phosphorylation signal (amount of signal relative to protein 

expression) as listed was chosen for further study.  MW: predicted molecular weight, # or 

R-3 Sites:  number of RXXS motifs 
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Chapter 4:  Future Direction   

 

Despite a wealth of knowledge being gained in recent years on how the FEAR and MEN 

regulate mitotic exit, key questions remain.  The molecular mechanism of how the FEAR 

network interacts and signals Clb-Cdk release of Cdc14 is unknown.  Another critical 

question that remains unanswered is how the MEN, or more specifically Dbf2-Mob1, the 

most downstream components of the MEN, ultimately lead to Cdc14 release.  The 

identification of a physiological substrate for Dbf2-Mob1 will provide important insight 

to this question. 

 Studies implicate Cdc14 having a role in its own inactivation, by becoming 

resequestered in the nucleolus.  However, the mechanism leading to Cdc14 inactivation is 

unknown.  Cdc14 also has a role in cytokinesis, as do other MEN components.  How 

released Cdc14 leads to the MEN proteins being relocalized from the SPB to the bud 

neck, presumably to permit the MEN to direct cytokinesis, is unknown.  How the MEN 

regulates cytokinesis also remain elusive. 

A number of putative orthologues of the MEN components have been identified.  

Future studies will confirm whether centriolin, GAPCenA, and the NDR kinases are true 

MEN orthologues, and perhaps new MEN homologues will be identified.  It will be 

interesting to see whether paralogues have evolved in higher eukaryotes in order to 

control different cell cycle functions.  It will be intriguing to discover whether an 

analogous signaling pathway to the MEN functions in higher eukaryotes that control 

mitotic exit and/or cytokinesis, and whether impairment of these MEN homologues 

contribute to tumorigenesis. 


