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 Identification of the Ubiquitin Ligase Bre1 and its Role in  

Antagonizing Gene Silencing and Promoting Mitotic Exit 

 

William W. Hwang 

 

Abstract 

Despite their identification over forty years ago, the importance and complexity of 

the post-translational modification of histones, the proteins that wrap DNA into 

the core component of chromatin called nucleosomes, has only been appreciated 

in the past decade.  From the initial characterization of the enzymes responsible 

for these modifications in yeast to the identification of their homologs in humans, 

it is clear that these well-conserved modifications on histones play a crucial role 

in almost all cellular processes, ranging from the regulation of embryonic 

development to the misregulation underlying malignant transformation.  In this 

dissertation, I detail the contributions we have made to the chromatin field in 

elucidating not only novel histone modifiers but also unexpected processes that 

are dependent on these enzymes.  First, I describe our identification of Bre1, the 

previously unknown conserved E3 ubiquitin ligase responsible for the 

ubiquitination of histone H2B on lysine 123 (ubH2B).  We established a 

requirement for Bre1 and its associated protein Lge1 in not only promoting 

ubH2B but also being necessary for the efficient downstream methylation of 

histone H3 on lysine 4 and 79 (meH3K4 and K79).  Furthermore, we 

demonstrate that that Bre1/Lge1-mediated ubH2B is necessary for the proper 
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control of cell size, linking chromatin regulation to this important but still 

mysterious process.  Second, our comparison of the transcriptional profiles of 

mutants in the ubH2B and meH3K4/K79 pathway revealed a novel function for 

Bre1/Lge1 in antagonizing the spread of heterochromatic silencing that is 

independent of the characterized anti-silencing roles for meH3-K4 and K79.  

Given the striking distinction in anti-silencing phenotypes between bre1∆ mutants 

and mutants unable to ubiquitinate histone H2B or methylate histone H3, our 

results suggest that Bre1 can target substrates other than histone H2B.  Finally, 

we discovered an unexpected requirement for multiple histone modifications for 

the efficient release of the nucleolar chromatin-sequestered phosphatase Cdc14 

to promote mitotic exit.  In summary, the work presented in this dissertation 

reveals previously unappreciated complexity in the regulation of chromatin 

function by a histone-modifying enzyme both directly and through the 

modifications it promotes. 
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Histone Modifications are Essential Regulators of Chromatin Function 

  

 Histones are small polypeptides that DNA encircles to provide compaction 

and organization of the eukaryotic cellular genome into large macromolecular 

structures called nucleosomes.  Despite their intimate association with DNA that 

encodes for genes and the regulatory regions responsible for their expression, 

histones were thought of as passive packaging molecules that were not subject 

to active regulation.  It has been known for decades, however, that histones exist 

in modified forms in the cell (Allfrey et al., 1964).  These well-conserved 

modifications, including acetylation, methylation, ubiquitination, and many others, 

generally occur on the N-terminal and C-terminal tails of histones that extend out 

from the nucleosome (Kouzarides, 2007).  The presence or absence of many of 

these modifications was associated with either transcriptionally active or inactive 

regions of chromatin, leading to speculation that these chemical alterations can 

alter transcriptional activity (Allfrey et al., 1964).   

 However, it was not until the late 1980’s that genetic evidence for the 

importance of histones in transcription was first elucidated (Clark-Adams et al., 

1988; Han and Grunstein, 1988).  The subsequent identification of enzymes 

responsible for histone acetylation and methylation and the requirement of these 

modifications for transcriptional activity (Sterner and Berger, 2000; Zhang and 

Reinberg, 2001) culminated in the establishment of the histone code hypothesis 

as the dominant paradigm in the chromatin field (Strahl and Allis, 2000). The 

authors of this hypothesis posited that histone modifications served as specific 
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marks that can be recognized and bound by effector proteins to promote 

downstream outputs such as the activation or repression of gene expression.  

Subsequent studies have identified protein domains on effector proteins, such as 

bromodomains and chromodomains, which bind to acetylated and methylated 

histone tails respectively, allowing for the “reading” of the histone code 

(Kouzarides, 2007).   

 As with any code, the inputs (i.e. the histone modifications) can be 

combined in a variety of configurations to generate novel outputs.  In other 

words, cells can specify the modification of different histone residues to program 

functionally distinct regions of chromatin.  From a genome-wide level, two main 

types of chromatin can be distinguished: euchromatin and heterochromatin, or 

transcriptionally permissive and refractory chromatin, respectively.  Different 

organisms specify each category of chromatin with its own distinct combinations 

of modifications but most are conserved from yeast to humans, allowing for the 

lessons learned from different organisms to be applied across evolution.   

 

Histone Methylation 

 

 The ability for histones to be modified with a methyl group had been 

known since the 1960s (Murray, 1964) and subsequent studies identified many 

examples of this modification in vivo, mostly on histone H3 (Strahl et al., 1999).  

Each methylated residue on histones can be modified by as many as three 

methyl groups (mono-, di-, and tri-methylation).  The identification of the first 
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histone methyltransferase, the nuclear receptor co-activator-interacting protein 

CARM1/PRMT4 (Chen et al., 1999), provided the initial direct link between this 

well conserved histone mark with the active regulation of transcription.  Since 

then, subsequent studies in the past decade have identified numerous enzymes 

that are responsible for the methylation of known residues and have discovered 

novel sites of methylation on both histone H3 and H4 that function both in 

promoting and repressing gene expression (Kouzarides, 2007).  In particular, the 

functions of H3 methylation on lysines 4 and 79 (abbreviated meH3K4 and K79 

respectively) in the promotion of gene expression have been well dissected by 

research performed in the budding yeast Saccharomyces cerevisiae and is the 

primary subject of the work presented in this dissertation. 

 The initial characterization of the functional significance of meH3K4 was 

performed in Tetrahymena, where the modification was associated with 

transcriptionally active macronuclei but not with inactive micronuclei (Strahl et al., 

1999).  Identification of the enzyme responsible for this conserved modification 

occurred a couple years later, when the yeast protein Set1 was demonstrated to 

be required for meH3K4 in vivo (Briggs et al., 2001; Miller et al., 2001; Roguev et 

al., 2001).  Set1 exists in a complex with seven other proteins (Miller et al., 2001; 

Roguev et al., 2001), two of which (Swd2 and Spp1) are only responsible for 

trimeH3K4 and are dispensable for mono- or dimeH3K4 (Schneider et al., 2005). 

High resolution chromatin immunoprecipitation linked to tiling microarray (ChIP-

CHIP) experiments examining meH3K4 across genes on S. cerevisiae 

Chromosome III display an orderly transition from tri- to di- to monomeH3K4 from 
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the 5’ to the 3’ end of genes, suggestive of a model of methylation that correlates 

the methylation state of H3K4 with the processivity of the Set1 complex (Liu et 

al., 2005).  Recently a demethylase, Jhd2, for meH3K4 has been identified in 

yeast that converts trimeH3K4 to dimeH3K4, adding another layer of regulation 

to this important histone modification (Liang et al., 2007; Seward et al., 2007; Tu 

et al., 2007).   

Many reports have demonstrated an association of meH3K4, especially 

trimeH3K4, with transcriptionally active genes (Bernstein et al., 2002; Santos-

Rosa et al., 2002) and Set1 has been shown to bind specifically to RNA 

Polymerase II (Pol II) that has been phosphorylated on Ser 5 of its C-terminal 

domain (CTD) to initiate transcription (Ng et al., 2003b).  However, we have 

observed that the transcriptional changes that occur in a cell without Set1 is very 

minimal, suggesting either redundancy of meH3K4 with other histone 

modifications in activating gene expression or other functions for this modification 

in promoting euchromatic functions as discussed later (Venkatasubrahmanyam 

et al., 2007).  Given that MLL1, the gene encoding for the human homolog of 

Set1, is subject to loss of function rearrangements in more than 70% of infant 

leukemias, research into the regulation and downstream functions of meH3K4 

will hopefully yield new insights into the mechanism of carcinogenesis.    

 Dot1, the methyltransferase responsible for meH3K79, was originally 

identified in a genetic screen looking for genes that when overexpressed 

disrupted telomeric silencing (Singer et al., 1998).  Its function as a 

methyltransferase was established a few years later when Dot1 was shown to be 
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necessary for meH3K79 both in vivo and in vitro (Lacoste et al., 2002; Ng et al., 

2002a; van Leeuwen et al., 2002).  Dot1 is unique amongst the other 

characterized yeast histone methyltransferases because of its lack of the SET 

domain, which is characteristic of and required for the activity of Set1 and Set2, 

the methyltransferase for H3K36.  In addition, meH3K79 lies within the globular 

domain of histone H3, suggesting not only a novel mechanism of action for Dot1 

but potentially novel downstream effects as meH3K79 resides in a structured 

region of histone H3, unlike the modification of H3K4 and K36 on the N-terminal 

tail of H3.  meH3K79 could potentially alter the structure of histone H3 and/or the 

entire nucleosome to enact its functions, consistent with a report that other non-

methylated residues around H3K79 are also important for silencing (Park et al., 

2002). 

 In addition to its requirement for silencing, Dot1 has been characterized to 

be necessary for multiple functions in the cell, including meiotic checkpoint 

control and DNA damage response (Giannattasio et al., 2005; San-Segundo and 

Roeder, 2000; Wysocki et al., 2005).  Recently, the human homolog of Dot1, 

hDot1, has been demonstrated to interact with AF10, an MLL (human Set1) 

fusion partner that can cause leukemic transformation.  Surprisingly, hDot1 can 

directly induce transformation when fused to the leukemia-translocated fragment 

of MLL in a methyltransferase activity-dependent manner, linking these two 

conserved modifications in the misregulation observed in leukemia (Okada et al., 

2005).  Furthermore, a recent study has observed increased levels of meH3K79 

at MLL-fusion protein binding loci in the chromatin of human leukemia cells, 
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validating hDot1-mediated meH3K79 as an important marker of leukemic 

transformation (Guenther et al., 2008). 

 

Histone Ubiquitination 

 

 In addition to small methyl and acetyl groups, histones can also be 

modified by much larger macromolecules such as the 76 amino acid ubiquitin 

protein.  The mechanism of ubiquitination starts with the activation of ubiquitin by 

the E1 ubiquitin activating enzyme.  This activated ubiquitin is subsequently 

passed along to the E2 ubiquitin conjugating enzyme that ultimately catalyzes the 

final transfer to the target substrate with the assistance of a specific E3 ubiquitin 

ligase.  Subsequent work has established ubiquitination as a crucial protein 

modification usually associated with the destruction of proteins when multiple 

ubiquitin moieties are added in a chain, allowing for recognition and degradation 

of the modified substrate (Glickman and Ciechanover, 2002).  However, the 

addition of a single ubiquitin, termed monoubiquitination, can be used for 

signaling and the modulation of protein activity (Sun and Chen, 2004).  Two core 

histones can be modified by monoubiquitination at their C-termini, histone H2A 

and H2B.  Like methylation, the existence of ubiquitin on these histones has 

been known for a long time; in fact, histones were the first proteins that were 

identified to be ubiquitinated over thirty years ago (Ballal et al., 1975; Goldknopf 

et al., 1975).  However, the machinery that catalyzes this reaction has only been 

identified within the last decade.  The ubiquitination of histone H2A, although 
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necessary for many interesting functions (Weake and Workman, 2008), is not 

present in S. cerevisiae, and thus will not be discussed in this dissertation.   

 Monoubiquitinated histone H2B (ubH2B) was also thought to not be present 

in S. cerevisiae until its identification earlier this decade along with its cognate E2 

enzyme, Rad6 (Robzyk et al., 2000).  The E3 ubiquitin ligase for this 

modification, however, remained elusive until a couple years later when our 

group and others separately identified Bre1 as the conserved E3 ubiquitin ligase 

for ubH2B (Hwang et al., 2003; Wood et al., 2003a).  We also demonstrate that 

Lge1, a Bre1 interacting protein, was required for H2B ubiquitination as well.  The 

mechanism of how these proteins interact to promote ubH2B is still not well 

defined but what is known is summarized below.  First, transcriptional activity can 

recruit Rad6 in an activator- and Bre1-dependent manner (Kao et al., 2004; 

Wood et al., 2003a).  Once recruited, Rad6 requires the presence of the PAF 

complex, a protein complex that associates with RNA Polymerase (Pol II), to 

promote ubH2B and to associate with elongating Pol II (Wood et al., 2003b; Xiao 

et al., 2005).  Finally, the Bur1/Bur2 cyclin-dependent protein kinase complex 

(BUR complex) is necessary for robust ubH2B through the recruitment of the 

PAF complex and/or direct phosphorylation of Rad6 (Laribee et al., 2005; Wood 

et al., 2005).   

 The identification of Bre1 as the E3 ubiquitin ligase for ubH2B in yeast has 

spurred many groups to identify and characterize Bre1 homologs in higher 

eukaryotes.  Mutant versions of the Arabidopsis thaliana homolog of Bre1 display 

defects in progression through the cell cycle and the developmental transition 
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into a flowering state (Fleury et al., 2007; Gu et al., 2009).  Developmental 

defects were also observed for mutants of the Drosophila melanogaster homolog 

of Bre1, similar to those observed in Notch signaling mutants (Bray et al., 2005).  

Finally, there are two homologs of Bre1 in humans, RNF20 and 40, which have 

been identified to exist in a complex, although only RNF20 appears to be 

necessary for ubH2B in vivo (Kim et al., 2005; Zhu et al., 2005).  RNF20 can 

interact with the tumor suppressor p53 and can be recruited to genes in a p53-

dependent manner (Kim et al., 2005).  RNF20 can also affect the expression of 

HOX genes (Zhu et al., 2005), suggesting that similar to the Bre1 homologs in 

Drosophila and Arabidopsis, RNF20 is also important for development in 

humans.   

 The ubiquitin moiety on histone H2B can also be removed by the action of 

deubiquitinating enzymes, of which there are two in yeast, Ubp8 and Ubp10 

(Emre et al., 2005; Gardner et al., 2005; Henry et al., 2003).  Ubp8 is a novel 

member of the SAGA transcriptional coactivator complex that is recruited to 

active genes.  Mutants deleted for Ubp8, or other members of the SAGA complex 

responsible for Ubp8 association with the complex, display an increase in ubH2B 

(Henry et al., 2003).  This deubiquitinating activity appears to be required efficient 

transcriptional activity, as ubp8∆ mutants block the recruitment of Ctk1, the 

kinase responsible for the transcriptional elongation promoting phosphorylation of 

Pol II (Wyce et al., 2007).  Deletion of the second deubiquitinating enzyme in 

yeast, Ubp10, also causes increased ubH2B levels and when combined with a 

deletion of Ubp8 shows an additive increase in ubH2B levels, suggesting that 
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they act on separate populations of ubH2B.  This is consistent with the 

observation of silencing defects for ubp10∆ mutants and the localization of 

Ubp10 to telomeric regions (Emre et al., 2005; Gardner et al., 2005).  Recently, 

the Drosophila homolog of Ubp10 was demonstrated to be crucial for the 

maintenance of multiple stem cells populations, providing another tantalizing link 

between ubH2B and development (Buszczak et al., 2009).   

 

Histone H2B Ubiquitination promotes Methylation on Histone H3K4 and K79 

 

 What is the function for ubH2B in the cell?  Given the large size of this 

modification, it was speculated that the ubiquitination of histones could disrupt 

chromatin structure and create an open state to allow access by the 

transcriptional machinery.  This is consistent with ubiquitinated histones being 

associated with transcriptionally active chromatin in higher eukaryotes (Davie 

and Murphy, 1990) and the ability of ubH2B to stimulate transcriptional 

elongation in vitro cooperatively with the histone chaperone FACT (Pavri et al., 

2006).  The discovery of ubH2B in yeast sparked a flurry of research into the 

function of this modification, culminating in the elucidation of a novel requirement 

for ubH2B in promoting meH3-K4 and K79 but not meH3-K36 (Briggs et al., 

2002; Sun and Allis, 2002).  This was the first identification of a dependence of 

one histone modification for another on separate histones and added an 

additional layer of complexity to the histone code hypothesis.    
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 Since the initial identification of this novel link between different histone 

modifications, the mechanism of how this link is established has been extensively 

researched.  We and other groups established that there is no meH3K4 or K79 

when Bre1 is deleted, demonstrating that this ubiquitin ligase lies upstream of 

these methylation events on H3 (Hwang et al., 2003; Wood et al., 2003a).  

Further refinement of the requirement for ubH2B to promote meH3 came from 

studies that demonstrated that ubH2B is not necessary for mono-methylation of 

meH3K4 and K79, suggesting that ubH2B promotes the processivity of the 

methyltransferases and not their recruitment (Dehe et al., 2005; Shahbazian et 

al., 2005).  One potential mediator for the link between these modifications are 

Rpt4 and 6, ATPase subunits of the proteasome, which are recruited to 

promoters in a ubH2B-dependent manner and are required for meH3K4 and K79 

(Ezhkova and Tansey, 2004).  Recently, histone H2B has also been shown to be 

polyubiquitinated on lysine 123 in a Rad6 and Bre1- dependent manner, 

supporting the model of proteasome subunits recognizing ubH2B (Geng and 

Tansey, 2008).  These proteasome subunits interact with the Ccr4-Not complex, 

subunits of which are required for trimeH3K4, implicating yet another player in 

this complex regulatory pathway (Laribee et al., 2007; Mulder et al., 2007). 

 Given the preponderance of evidence supporting the requirement for 

ubH2B in promoting meH3K4 and K79, a recent report demonstrating that ubH2B 

was not absolutely necessary for the downstream trimethylation of H3K4 and 

K79 was extremely unexpected (Foster and Downs, 2009).  However, the 

authors have a satisfactory explanation for the discrepancy between their 
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findings and the previously published results.  All the previous work 

demonstrating the dependence of meH3K4 and K79 on ubH2B was performed in 

a strain background that contained a secondary mutation that, in combination 

with a mutation in histone H2B that renders it unable to be ubiquitinated, 

abolished the trimeH3K4 and K79 in this mutant strain.  Without this secondary 

mutation, ubH2B was not necessary for trimeH3K4 and K79.  The authors go on 

to show that Bre1 was still required for these methylation events without the 

secondary mutation, suggesting Bre1 has other targets that promote H3 

methylation.  Consistent with these findings, Swd2, a subunit of the Set1 complex 

required for trimeH3K4, was recently demonstrated to be ubiquitinated in a Bre1 

and ubH2B dependent manner.  Swd2 ubiquitination in turn was necessary for 

the recruitment of the Spp1 subunit of the Set1 complex also required for 

trimeH3K4, providing a linear model for the promotion of trimeH3K4 (Vitaliano-

Prunier et al., 2008).  

 Despite these recent insights into Bre1- and ubH2B-mediated trimeH3K4, 

much less is known about the link between ubH2B and meH3K79.  Dot1 appears 

to promote meH3K79 in a non-processive manner, suggesting that the different 

states of meH3K79 are not subject to active regulation like the Set1 complex 

(Frederiks et al., 2008).  Since the presence of ubH2B in nucleosomes is able to 

stimulate the methylation of H3K79 by Dot1 in vitro (McGinty et al., 2008), this 

suggests that ubH2B allows for more efficient access of H3K79 by Dot1.  

Whether this increase in accessibility enhances the ability of Set1 to methylate 

H3K4 remains an intriguing possibility.   
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Functions of Euchromatic Marks Distinct from Direct Transcriptional Regulation 

  

 A majority of the work summarized above has focused on the association 

of euchromatic marks with the transcriptional machinery.  However, it is clear that 

histone modifications can impinge on many other aspects of chromatin biology, 

such as the maintenance of euchromatin and heterochromatin.  Heterochromatin 

in yeast is generated by the action of the histone deacetylase Sir2, which is 

necessary to maintain silencing of the three main regions of heterochromatin in 

yeast; the silent mating type cassettes HMR and HML (HM), telomeres, and the 

ribosomal DNA (rDNA) locus.  Sir2 is recruited to the telomeres and HM loci by 

association with DNA binding proteins bound to sequences called silencers.  By 

the removal of acetylation on histones, Sir2 can promote the binding of its 

interaction partners Sir3 and 4 to deacetylated histones, which in turn recruit 

more Sir2.  Multiple iterations of this event allow for spread of the Sir complex 

away from silencers to generate heterochromatin (Moazed, 2001).  Sir2 

encroachment into euchromatin is blocked by the presence of DNA sequences 

called boundary elements, whose mechanism of action still remains mysterious 

(Oki and Kamakaka, 2002). 

 Before their identification as the modifying enzymes for the euchromatic 

methylation of H3K4 and K79, SET1 and DOT1 were identified as genes that 

when deleted displayed defects in the silencing of a reporter gene located at the 

telomere, leading the authors to conclude that they encoded for factors that 
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promoted heterochromatic silencing (Nislow et al., 1997; Singer et al., 1998).  

This presented a paradox when Set1 and Dot1 were found to promote two marks 

that were associated with euchromatin and active transcription.  An explanation 

for this inconsistency was resolved when our group and others found increased 

Sir protein levels in euchromatic regions when Set1, Dot1, or Set2, the 

methyltransferase responsible for meH3K36, were deleted (Tompa and Madhani, 

2007; van Leeuwen et al., 2002; Venkatasubrahmanyam et al., 2007).   Because 

Sir2 levels are limiting in the cell (Smith et al., 1998), our group and others 

hypothesized that the ectopic spread of heterochromatin in strains missing the 

euchromatic methylation on histone H3 titrates away Sir2 in telomeric regions 

and thus indirectly cause a decrease in silencing.  This, combined with our 

finding that the euchromatic histone variant H2A.Z can antagonize the spread of 

silencing out of HMR and telomeres, supports our model that euchromatin-

specific chromatin marks can mediate what we term ‘anti-silencing’ to maintain 

the balance between the two chromatin states (Meneghini et al., 2003).  

 Silencing at the third site of heterochromatin in yeast, the rDNA locus 

located in the nucleolus, is also mediated by Sir2 but via recruitment through a 

different set of proteins.  Sir2 binds directly to the chromatin associated protein 

Net1, which associates with a third protein, Cdc14, to form the RENT (regulator 

of nucleolar silencing) complex (Straight et al., 1999).  This complex mediates a 

very different mechanism of silencing compared with telomeric and HM silencing 

because of the variety of different activities that have to coexist along with gene 

silencing, such as the robust transcription of rDNA by RNA Polymerase I, 
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suppression of rDNA recombination, block of replication fork progression, and the 

release of Cdc14 from nucleolar sequestration to promote mitotic exit (Huang 

and Moazed, 2003; Shou et al., 2001; Shou et al., 1999; Straight et al., 1999; 

Visintin et al., 1999).   

 Given the intimate association of these processes with silenced chromatin, 

relatively little is known about how histone modifications can influence these 

important activities at rDNA.  Studies that initially identified Set1 as the 

methyltransferase for meH3K4 also reported defects in rDNA silencing in strains 

missing Set1, similar to the defects observed for set1∆ mutants in telomeric 

silencing (Briggs et al., 2001; Bryk et al., 2002).  Unlike at telomeres, however, 

these silencing defects at rDNA are not due to the redistribution of Sir2 away 

from silenced regions, as no change in Sir2 levels at rDNA was observed in 

set1∆ mutants (Bryk et al., 2002).  In addition, dot1∆ mutants do not display 

silencing defects or changes in Sir2 levels at rDNA, suggesting a different 

mechanism for RENT-mediated silencing versus those mediated by the Sir 

complex (Ng et al., 2003a). 

 Both meH3K4 and K79 have been observed at low levels at the non-

transcribed spacer (NTS) regions of rDNA, where many of the unique activities of 

the rDNA locus mentioned previously take place.  In addition, the deletion of 

Ubp10, the deubiquitinating enzyme for ubH2B, increased the levels of meH3K4 

and meH79 at the NTS region and increased the recombination frequency of 

rDNA repeats, demonstrating that these euchromatic marks can be actively 
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regulated at this locus and have functional significance for non-transcription 

related processes at the rDNA loci (Calzari et al., 2006).     

 From the research summarized above, it is clear that there are additional 

layers of complexity in chromatin regulation built on top of the histone code 

model.  In this dissertation, I present our research in elucidating this complexity 

as summarized below.  We have identified Bre1 as the previously unknown E3 

ubiquitin ligase for ubH2B and demonstrated its requirement for the downstream 

methylation of histone H3, revealing a crucial regulator for the generation of 

combinatorial complexity in the histone code (Chapter 2).  In addition, we have 

uncovered a novel anti-silencing function for Bre1 that was distinct from its role in 

promoting histone modifications, suggesting that histone modifiers can regulate 

chromatin function directly without generation of the histone code (Chapter 3).  

Finally, we have discovered an unexpected link between multiple histone 

modifications and the regulation of mitotic exit, establishing a novel output of 

chromatin regulation that may be independent of the histone code model 

(Chapter 4).   
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Monoubiquitination and Cell Size Control 
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Abstract 
 

Monoubiquitination of histone H2B is required for methylation of histone H3 on 

lysine 4 (K4), a modification associated with active chromatin.  The identity of the 

cognate ubiquitin ligase is unknown.  We identify Bre1 as an evolutionarily 

conserved RING finger protein required in vivo for both H2B ubiquitination and 

H3 K4 methylation.  The RING domain of Bre1 is essential for both of these 

modifications as is Lge1 (Large 1), a protein required for cell size control that 

copurifies with Bre1.  In cells lacking the euchromatin-associated histone variant 

H2A.Z, BRE1, RAD6 and LGE1 are each essential for cell viability, supporting 

redundant functions for H2B ubiquitination and H2A substitution in the formation 

of active chromatin.  Notably, analysis of mutants demonstrates a novel function 

for Bre1/Lge1-dependent H2B monoubiquitination in the control of cell size.   
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Introduction 

 

Covalent modifications of histones play crucial roles in several aspects of 

chromosome behavior, especially transcription (Jenuwein and Allis, 2001).  In 

several instances, a modification at one position of a histone can influence 

subsequent modification at a second site.  For example, in fission yeast and 

metazoans, methylation of histone H3 K4, a modification associated with active 

chromatin, is mutually exclusive with the heterochromatin-associated 

modification of H3 K9 (Jenuwein and Allis, 2001).  Moreover, it has recently been 

shown in the budding yeast, S. cerevisiae, that monoubiquitination of K123 of 

histone H2B is required for methylation of H3 K4, demonstrating that modification 

of one histone subunit can regulate the subsequent modification of a different 

subunit (Dover et al., 2002; Sun and Allis, 2002).   Despite increasing recognition 

of the importance of histone ubiquitination and the fact that histones were the first 

proteins found to be subject to covalent modification by ubiquitin (Hunt and 

Dayhoff, 1977; Olson et al., 1976), our understanding of the machinery 

responsible for this modification, its regulation, and its functions remains 

incomplete. 

Ubiquitination is catalyzed by a system of three enzymes that includes a 

generic ubiquitin-activating enzyme or E1, a ubiquitin conjugating enzyme or E2, 

and a ubiquitin ligase or E3 (Glickman and Ciechanover, 2002).  Cells have 

many more ubiquitin ligases than ubiquitin-conjugating enzymes; the ligases are 

the substrate recognition components of the system; and they are generally the 
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targets of biological regulation.  In S. cerevisiae, the Rad6 ubiquitin-conjugating 

enzyme has been shown to be required for histone H2B monoubiquitination on 

K123, and consequently methylation of H3 on K4 (Robzyk et al., 2000).  Rad6 is 

known to function in conjunction with one of three RING finger ubiquitin ligase 

homologs: Ubr1, Rad18, or Rad5 (Bailly et al., 1994; Dohmen et al., 1991; 

Johnson et al., 1992).  Ubr1 functions in the N-end rule protein degradation 

pathway (Bartel et al., 1990), whereas Rad18 and Rad5 function in DNA repair, 

where PCNA is a key substrate (Hoege et al., 2002).  The ubiquitin ligase for 

histone monoubiquitination has not previously been reported. 

Here we identify a conserved RING finger domain protein, encoded by 

BRE1 in S. cerevisiae, that is required for histone H2B monoubiquitination in 

vivo.  A Bre1-associated protein, Lge1, is also required for H2B 

monoubiquitination.  As predicted from recent studies, both Bre1 and Lge1 are 

required for histone H3 K4 methylation as well.  In contrast, the Rad5, Rad18, 

and Ubr1 RING proteins shown previously to function with Rad6 are dispensable 

for H2B monoubiquitination and H3 K4 methylation.  The lge1∆ (large 1) mutant 

was originally identified in a screen for cell size mutants.  We show here that 

bre1∆ mutants and strains harboring a single amino acid change in the H2B 

monoubiquitination site also display a large cell phenotype.  Cells lacking 

components of the H3 K4 methyltransferase display a size distribution that is 

intermediate between those of wild type and bre1∆ or lge1∆ cells, demonstrating 

a novel role for histone H2B monoubiquitination in cell size determination that is 

in part distinct from its requirement for H3 K4 methylation. 
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Results and Discussion 

  

 We have recently obtained evidence that the universally conserved 

histone variant, H2A.Z (encoded by HTZ1 in S. cerevisiae), functions to promote 

the formation of active chromatin (M.D. Meneghini, M. Wu, and H.D.M, 

submitted).  Although htz1∆ deletion mutants are viable, we observed that htz1∆ 

rad6∆ double mutants are inviable (Fig. 1A).  We systematically screened for 

other deletion mutants that are synthetically lethal with htz1∆ (S. V., W. H., A. I., 

A. Tong, C. Boone, and H.D.M., in preparation), and identified a null mutation in 

BRE1, which encodes a protein of unknown function identified previously in a 

screen for mutants that are hypersensitive to the drug brefeldin A (Muren et al., 

2001).  bre1∆ mutants display synthetic lethality with htz1∆ mutants but, like 

rad6∆ mutants, are viable in HTZ1 cells (Fig. 1).  Database searching and 

alignment (Fig. 2) revealed sequence homologs of Bre1 in Schizosaccharomyces 

pombe (SpBre1A, SpBre1B), Dictyostelium discoidium (DictBre1), Arabidopsis 

thaliana (AtBre1), Caenorabditis elegans (CeBre1), Drosophila melanogaster 

(DmBre1), and humans (HuBre1A, HuBre1B).  Multiple domains in Bre1 and its 

homologs yield strong predictions of alpha-helical coiled-coil structures, but the 

highest sequence conservation is apparent in a canonical RING domain that lies 

at the extreme C-terminus of each family member.  Phylogenetic analysis of the 

similarity between Bre1 homologs from different organisms recapitulates the 

expected relationships between species, further supporting their assignment as a 

family of proteins (data not shown).   RING domains are characteristic of a large 
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class of ubiquitin ligases, and are likely to be diagnostic for this activity (Joazeiro 

and Weissman, 2000).  Since BRE1 shares genetic properties with RAD6, and 

since the protein has a domain found in ubiquitin ligases, we hypothesized that 

Bre1 is a component of the ubiquitin ligase that cooperates with Rad6 in the 

ubiquitination of histone H2B. 

 As shown in Fig. 3A, monoubiquitination of H2B can be readily detected in 

wild-type cells harboring a functional FLAG-tagged allele of the HTB1 gene 

(encoding histone H2B) as a slower-migrating form upon SDS-PAGE and 

immunoblotting of whole-cell extracts with anti-FLAG antibodies.  Consistent with 

previous studies, the ubiquitinated species is absent in cells containing a tagged 

htb1-K123R mutant in which the lysine at the monoubiquitination site has been 

changed to a non-modifiable arginine residue; moreover, ubiquitination is absent 

in cells lacking the E2 Rad6 (Fig. 3A).  In cells lacking Bre1, monoubiquitination 

of H2B is similarly eliminated (Fig. 3A).  In contrast, cells lacking the RING finger 

proteins Ubr1, Rad5 or Rad18, which have been shown previously to act with 

Rad6, display no defect in H2B monoubiquitination (Fig. 3A).  Cells harboring a 

BRE1 allele containing a truncation of 54 codons corresponding to the C-terminal 

RING domain (bre1-∆RING) are also defective in ubiquitination, consistent with 

the known requirement of RING domains for activity of this family of ubiquitin 

ligases (Fig. 3B).   

A large scale protein complex purification study has previously identified 

two polypeptides associated with Bre1: Lge1 and Yhr149c (Ho et al., 2002).  

Interestingly, lge1∆ displays synthetic lethality with htz1∆ (Fig. 1; S.V., W.W.H., 
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A.G.I., A. Tong, C. Boone, H.D.M., in preparation).  Lge1 has a strongly predicted 

coiled-coil domain at its C-terminus, which may mediate its interaction with Bre1 

(unpublished observations).  We therefore examined H2B ubiquitination in lge1∆ 

cells.  As shown in Fig. 2A, the lge1∆ mutant is defective in H2B ubiquitination, 

suggesting that Bre1 functions as part of a multiprotein complex. 

 As in other species, H3 K4 methylation in S. cerevisiae by the Set1 

complex is associated with transcriptionally active chromatin [(Bernstein et al., 

2002); M. D. Meneghini, M. Wu, and H.D.M., submitted].    Since Rad6-

dependent monoubiquitination of histone H2B has been demonstrated to be 

required for H3 K4 methylation (Dover et al., 2002; Sun and Allis, 2002), we 

predicted that Bre1 and Lge1 should likewise be important for methylation of H3 

K4.  SDS-PAGE fractionation and immunoblotting of whole-cell extracts using 

antibodies specific for H3 methyl-K4 revealed a robust band corresponding to 

methyl-K4 H3 in wild-type cells (Fig. 3C).  As predicted, bre1∆ mutants, like 

rad6∆ mutants, were completely defective in H3 K4 methylation.  Moreover, the 

bre1-∆RING allele also abolished H3 K4 methylation (Fig. 3D), whereas cells 

lacking Lge1 showed greatly reduced methylation (Fig. 4A).  Finally, we 

examined whether bre1∆ and lge1∆ are required for histone H3 K79 methylation, 

which has recently been shown to require H2B monoubiquitination (Briggs et al., 

2002; Ng et al., 2002b).  As with K4 methylation, bre1∆ cells lack methylation of 

K79, whereas lge1∆ cells display a partial defect in K79 methylation that is 

weaker than their defect in K4 methylation (Fig. 3E).  The residual methylation 

present in lge1∆ cells could be due to a very low amount of residual H2B 
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monoubiquitination (below out detection limit) in the lge1∆ mutant or, possibly, 

Lge1 could play an inhibitory role in methylation that is overcome by 

ubiquitination. 

 The lge1∆ mutant was originally identified in a large-scale screen for 

mutants with defective cell size control (Jorgensen et al., 2002).  Cells lacking 

LGE1 display a large cell phenotype.  Inspection of the published genome-wide 

dataset revealed that bre1∆ mutants also display a large cell phenotype.  To 

confirm these data, we examined the population size distributions of wild-type, 

bre1∆, and lge1∆ cells.  As controls, we examined the cell sizes of sfp1∆ (a whi 

or small size mutant) and swi4∆ (a lge or large size mutant) strains (Jorgensen et 

al., 2002).  As shown in Fig. 4A, both bre1∆ and lge1∆ strains displayed a large 

cell phenotype, consistent with previous measurements (Jorgensen et al., 2002).  

The phenotype of bre1∆ and lge1∆ mutant data raised several questions.  First, 

is the large cell phenotype observed in lge1∆ and bre1∆ mutants due to a defect 

in H2B monoubiquitination?  To test this possibility, we examined the cell size 

distributions of isogenic S. cerevisiae strains containing a deletion of both H2B 

genes (htb1∆ htb2∆) complemented by plasmid-borne alleles of either wild-type 

H2B or H2B-K123R.  Strikingly, cells harboring the monoubiquitination site 

mutant displayed a large cell phenotype relative to the wild type H2B control (Fig. 

4B).  [We note that the strains harboring the wild-type H2B allele is larger than 

that of the wild type control for the experiments in Fig. 4A; this may result from 

differences in the strain background used (W303 for the HTB1 experiments 

versus S288C for the deletion mutant experiments)].  The second question raised 
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by the cell size phenotypes of bre1∆ and lge1∆ mutants is whether the size 

defect is due to a defect in H3 K4 methylation, which requires H2B ubiquitination.  

To test this hypothesis, we examined the cell size distributions for mutants in the 

Set1 H3-K4 methyltransferase complex (set1∆ and swd3∆), in which H3 K4 

methylation is absent (Krogan et al., 2002; Roguev et al., 2001).  These mutants 

displayed a median and mean size that was intermediate between those of wild-

type and H2B monoubiquitination-defective mutants (Fig. 4A).  Thus, the large 

cell phenotype of bre1∆, lge1∆, and H2B-K123 mutants can only partially be 

explained by a loss of H3 K4 methylation.   

 We have identified Bre1 as a RING finger protein required for 

monoubiquitination of histone H2B on K123 and methylation of histone H3 on K4.  

We also show that the Bre1-associated protein Lge1 is required for normal levels 

of H2B ubiquitination and H3 K4 methylation, suggesting that both proteins are 

components of a multisubunit E3.  Although we cannot rule out the formal 

possibility that Rad6 and Bre1-Lge1 act indirectly to activate an unknown 

ubiquitin ligase that promotes H2B monoubiquitination, their specific requirement 

in vivo for H2B ubiquitination and the necessity for the Bre1 RING domain for the 

modification are most simply explained by a direct role.  However, demonstration 

of H2B-specific in vitro ubiquitin ligase activity of the Bre1 complex in a purified 

system will be necessary to show that it functions as an E3.  As noncatalytic 

subunits of ubiquitin ligase complexes can serve a regulatory function (Carroll 

and Morgan, 2002) , we speculate that Lge1 may function to modulate the 
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activity of the complex in response to regulatory inputs and/or to control substrate 

selection 

Our analysis of cell size distributions of mutants lacking histone H2B 

monoubiquitination revealed an unanticipated role for this chromatin modification 

in cell size control.  Moreover, our finding that blocking H3 K4 methylation by 

deletion of genes encoding essential components of the H3 K4 methyltransferase 

only partially recapitulates the cell size defects of bre1∆ and lge1∆ mutants 

indicates that H2B monoubiquitination has a role in size control independent of 

its function in H3 K4 methylation.  Methylation of H3 on K79 has been recently 

shown to require H2B monoubiquitination (Briggs et al., 2002; Ng et al., 2002b) 

and may explain the intermediate cell size phenotype of cells lacking K4 

methylation.  This requirement for H2B monoubiquitination for size control could 

reflect an effect on the cell cycle transcriptional program.  An intriguing 

alternative model would be a role for H2B monoubiquitination which is 

independent of transcription:  One possibility is that cells measure the modified 

histone content of chromatin as part of the still-mysterious biochemical 

calculation of cell size which is used to time critical transitions in the cell cycle 

such as START.  Such a model would be consistent with the known dependence 

of cell size on chromosome ploidy that has been established in organisms from 

yeast to man (Galitski et al., 1999; Su and O'Farrell, 1998).   

Both BRE1 and LGE1 are essential for cell viability in cells lacking the 

conserved histone variant H2A.Z, and they are required for H3-K4 methylation, a 

modification associated with active chromatin.  Moreover, we have recently 
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shown that H2A.Z promotes the formation of active chromatin (M.D. Meneghini, 

M. Wu, and H.D.M., submitted).  We speculate that Rad6, Bre1, and Lge1 act 

upstream of H3 K4 methylation in a pathway parallel to that of H2A.Z which also 

functions to establish and/or maintain the euchromatic state.  Our identification of 

homologs of Bre1 in diverse eukaryotic species suggests that the fundamental 

elements the histone-based regulatory circuitry described in this and other recent 

studies have been conserved during evolution. 
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Experimental Procedures 

 

Yeast methods 

 

Standard procedures were used for cultivation and genetic manipulations 

(Guthrie and Fink, 2002).  Strains were of the S288C background.  Knockouts 

were obtained from the Yeast Deletion Consortium collection (Research 

Genetics), and their genotypes are indicated in the figure legends. 

 

Plasmid constructions 

 

pADH1-BRE1 was constructed as follows.  The coding region of BRE1 was 

amplified using genomic DNA as a template and cloned into pZeroBluntII (TOPO 

cloning kit; Invitrogen) and then subcloned into p415-ADH1 (LEU2, CEN) using 

PstI and BamHI.  The pADH1-bre1∆RING allele was generated using the 

identical strategy except that BRE1 was truncated to remove the C-terminal 54 

codons. 

 

Histone modification assays 

 

For histone monoubiquitination assays, extracts were prepared as 

described (Sun and Allis, 2002).  Samples were fractionated by SDS-PAGE 

(12%).  After transfer, PVDF membranes were washed for 3 min in water and 
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blocked in 3% milk in ATBS (50mM Tris pH8, 138mM NaCl, 2.7mM KCl).  

Following a 5 min wash in ATBS, membranes were incubated with a mouse anti-

FLAG monoclonal antibody (Sigma, 1:1000) for 30 min in 3% milk in ATBS.  

Membranes were washed for 5 min with TBS and incubated for 30 min with HRP-

conjugated anti-mouse secondary antibodies and then washed 8 times for 2.5 

min in ATBS +0.05% Tween.  Blots were visualized by ECL (Pierce Pico Kit). 

Histone H3 K4 methylation was assayed as follows.  Cells were grown to 

mid-log phase (O.D. 600 of 0.6 to 0.8).  Three O.D. units of cells were pelleted 

and resuspended in 100ul of 2X SDS sample buffer and boiled for 2 min.  Fifty 

microliters of glass beads were added and samples were vortexed and then 

boiled for an additional 2 2 min.  Extracts were clarified by centrifugation for 10 

min at 21 Kg, and the supernatants were boiled again for 3 min.  Samples were 

fractionated by SDS-PAGE (12%) and transferred to nitrocellulose.  Blots were 

blocked for 30 min in 5% milk in TBST (10mM Tris pH8, 150mM NaCl, 0.05% 

Tween), and then incubated with rabbit anti-histone H3 methyl-K4 antibodies 

(Abcam, 1:1000) for 1 hr in 5% milk in TBST.  Following 5 washes for 5 min each 

in TBST, blots were incubated with HRP-conjugated anti-rabbit secondary 

antibodies for 30 min in 5% milk in TBST.  Following 4 washes for 5 min each in 

TBST and one 5 min wash in TBS, blots were visualized using ECL (Pierce Pico 

ECL kit).  The same procedure was used to assay H3 K79 methylation using 

antibodies generously provided by Frank van Leeuwen and Dan Gottschling. 
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Cell size distribution determinations 

  

Strains were grown in YPD medium to mid-log phase (O.D. 0.6-0.8).  2% 

formaldehyde was added and cells were incubated for 20 min at 30°C.  Cells 

were collected by centrifugation and washed twice with 0.1 M potassium 

phosphate pH 6.5 and stored in 1ml of Solution P (0.1M potassium phosphate pH 

6.5, 1.2M sorbitol) at 4°C.  Twenty microliters of the fixed cell suspension were 

diluted into 20 ml Isoton (Beckman-Coulter).  Cell size distributions were 

determined using a Beckman-Coulter Multisizer 3 instrument fitted with a 100uM 

aperture.  Approximately 3-5 x 107 cells were counted for each culture. 
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Figure 1.  Genetic identification of BRE1 and LGE1. 

(A) Shown is tetrad analysis YM1749 (a/α htz1∆::natMX4/HTZ1 

rad6::kanMX4/RAD6).  Genotyping of these tetrads revealed that the inviable 

colonies correspond to the htz1∆ rad6∆ double mutant.  (B) Synthetic lethality 

between htz1∆ and bre1∆.  Shown is tetrad analysis of YM1750 (a/α 

htz1∆::natMX4/HTZ1 bre1::kanMX4/BRE1).  Genotyping revealed that the 

inviable colonies correspond to the htz1∆ bre1∆ double mutant.  (C) Synthetic 

lethality between htz1∆ and lge1∆.  Shown is tetrad analysis of YM1751 (a/α 

htz1∆::natMX4/HTZ1 lge1::kanMX4/LGE1).  Genotyping revealed that the 

inviable colonies correspond to the htz1∆ lge1∆ double mutant. 
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Figure 2.  Conservation of Bre1 across eukaryotic evolution. 

Shown is a Clustal W alignment of Bre1 sequence homologs.  The RING domain 

is indicated.  Regions upstream of the RING domain of each of the homologs 

yield strong coiled-coil predictions over multiple regions.  Database accession 

numbers: CAA98640 (Bre1), NP_587845 (SpBre1A), CAA22646 (SpBre1B), 

AAL93605 (DictBre1), AAL91211 (AtBre1), AAK21443 (CeBre1), AAF50744 

(DmBre1), BAB14005 (HuBre1A), AAH18647 (HuBre1B). 
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Figure 3.  Analysis of H2B monoubiquitination and H3 methylation. 

(A) Determination of H2B monoubiquitination in selected wild-type and mutant 

strains.  Shown is an immunoblot using anti-FLAG antibodies of extracts from 

strains of the indicated genotypes harboring FLAG-H2B on a CEN-ARS plasmid. 

(B) Bre1 RING domain is essential for H2B monoubiquitination.  bre1∆ cells 

harboring either pADH-BRE1 or pADH-bre1∆RING were analyzed as in (A).  (C) 

Determination of H3 K4 methylation in selected wild-type and mutant strains.  

(Upper panel) Shown is an immunoblot using anti-H4 methyl-K4 antibodies of 

extracts from strains of the indicated genotypes fractionated by SDS-PAGE.  

(Lower panel)  Reprobing of the blot in the upper panel with antibodies to Pgk1.  

(D) Bre1 RING domain is essential for H3 K4 methylation. bre1∆ cells harboring 

either pADH-BRE1 or pADH-bre1∆RING were analyzed as in (A).  (E) 

Determination of H3 K79 methylation in selected wild-type and mutant strains.  

(Upper panel) Shown is an immunoblot using anti-H4 methyl-K79 antibodies of 

extracts from strains of the indicated genotypes fractionated by SDS-PAGE.  

(Lower panel)  Reprobing of the blot in the upper panel with antibodies to Pgk1. 
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Figure 4.  Analysis of cell size. 

(A) Cell size measurements of selected haploid knockout strains in the S288C 

strain background.  Shown is a graph of mean (gray bars) and median (black 

bars) cell volumes of the indicated strains.  Each measurement was performed 

on three cultures.  Error bars indicate standard deviations.  (B) Cell size 

measurements of htb1∆ htb2∆ cells (W303 strain background) harboring 

plasmids encoding wild-type HTB1 versus htb1-K123R alleles.  Scale and legend 

is as in (A).  (C) Histogram of cell size distribution of strains shown in (B).  Shown 

are the population cell size distributions of htb1∆ htb2∆ cells harboring plasmids 

encoding wild-type HTB1 (open boxes) versus the htb1-K123R allele (filled 

boxes). 



 40 

 

 

 

 

 

 

CHAPTER 3 

 

A Novel Anti-Silencing Role for Bre1 Independent of its Characterized Role 

in Promoting H2B Ubiquitination and H3 Methylation 
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Introduction 

 

 Saccharomyces cerevisiae, like all eukaryotes, maintains two distinct 

types of chromatin.  The first, termed euchromatin, is functionally defined by 

being permissive to transcription.  The open nature of euchromatin is mediated 

by the presence of not only specific histone modifications such as the 

methylation of histone H3 on lysine 4, 36, and 79 (meH3K4, K36, K79 

respectively), ubiquitination of histone H2B (ubH2B), and the acetylation of 

multiple residues on histones H3 and H4, but also the replacement of histone 

H2A for its variant H2A.Z (Draker and Cheung, 2009; Kouzarides, 2007).  These 

changes in euchromatin structure are not only promoted by active transcription 

but can be activating for transcription both in vivo and in vitro.   

 The second type of chromatin in yeast, heterochromatin, is distinguished 

cytologically by its condensed nature and functionally by the lack of 

transcriptional activity.  In fact, heterochromatin is actually refractory to 

transcriptional activity, as reporter genes inserted into these regions are 

inactivated by a mechanism termed gene silencing.  This phenomenon in yeast is 

mediated by the action of the histone deacetylase Sir2, which, as its name 

suggests, deacetylates residues on histone H4 to promote the binding of the 

others members of the Sir complex along with Sir2 to propagate the silencing 

machinery throughout heterochromatin.  Silencing by Sir2 is crucial for the 

function of the three regions of heterochromatin in yeast: the mating type loci, 

which encodes for genes that determine the mating type of the cell; the 
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telomeres, which cap chromosome ends to prevent degradation; and the rDNA 

locus, which encodes for the genes that produce the rRNA transcripts (Moazed, 

2001). 

 Given the distinct chromatin signature for euchromatin and 

heterochromatin, how do yeast cells maintain the separation of the two regions, 

given their close proximity and the intrinsic nature of the silencing machinery to 

spread?  One mechanism is for the cell to place barriers at the interface between 

these two chromatin regions consisting of DNA elements that recruit proteins to 

block the spread of the Sir complex, potentially by the direct acetylation of these 

barrier regions (Oki and Kamakaka, 2002, 2005).  However, work in our 

laboratory and others has illuminated an alternative mechanism for the 

antagonism of heterochromatin spread that we have named anti-silencing.  This 

mechanism is mediated by the action of euchromatin itself, as the deletion of 

euchromatic factors allow for the encroachment of gene silencing by the Sir 

proteins.  Anti-silencing can occur in euchromatin adjacent to heterochromatic 

regions, mediated by the presence of H2A.Z and meH3K36 (Meneghini et al., 

2003; Tompa and Madhani, 2007), or genome-wide, as in the case of meH3K79 

and meH3K4 (van Leeuwen et al., 2002; Venkatasubrahmanyam et al., 2007).   

It is not known whether the euchromatic mark ubH2B, which in some 

conditions can be necessary for meH3K4 and meH3K79 (Foster and Downs 

2009), can mediate anti-silencing functions as well.  Mutants deleted for a 

deubiquitinating enzyme for ubH2B, Ubp10, display an telomeric enrichment of 

genes that increase in expression when compared to a wild-type strain (Emre et 
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al., 2005; Gardner et al., 2005; Orlandi et al., 2004), providing indirect evidence 

for a possible anti-silencing role for ubH2B near heterochromatic regions.  In this 

chapter, we investigated the potential role for ubH2B in antagonizing the spread 

of silencing by profiling the gene expression changes observed by microarray 

analysis of mutants unable to be ubiquitinated on the lysine 123 residue of 

histone H2B and mutants deleted for Bre1, the E3 ubiquitin ligase for histone 

H2B described in Chapter 2.  To our surprise, we revealed an unexpected anti-

silencing role for Bre1 that is independent of its function in promoting the 

downstream modification of ubH2B and meH3K4 and K79, suggesting novel 

substrates for Bre1.   
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Results and Discussion 

 

Given our finding in Chapter 2 that Bre1, the E3 ubiquitin ligase for 

ubH2B, is necessary for meH3K4 and meH3K79, it is possible that Bre1 was also 

necessary for the anti-silencing and transcriptional defects observed for mutants 

that cannot methylate H3K4 and K79.  In addition, a double mutant strain deleted 

for H2A.Z and that cannot ubiquitinate H2B on K123 was still viable (data not 

shown), in contrast to the synthetic lethal relationship observed for the bre1∆ 

htz1∆ double mutant in Chapter 2.  This result suggested that there were ubH2B-

independent functions for Bre1 that have not yet been identified. 

To address these unresolved questions regarding Bre1 function, we 

examined the transcriptional changes of a bre1∆ mutant as compared to a 

wildtype strain.  Surprisingly, we found that the transcriptional profile of 1645 

genes was significantly altered in the bre1∆ mutant (Figure 1A).  Given that 

ubH2B was generally regarded as a chromatin mark that promotes transcriptional 

activity, we were surprised to observe more genes that are increased in 

expression than those which are deceased (922 vs. 723 respectively).  These 

changes were small but reproducible, with a median fold change up or down of 

1.47 and 1.45, respectively, and an average fold change up or down of 1.57 and 

1.59, respectively (data not shown).   

When we plotted the bre1∆-affected genes as a function of their distance 

to telomeres, however, a striking enrichment of genes decreased in expression 

was observed clustered near the telomeres, with a corresponding lack of genes 
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that increased in expression near chromosome ends (Figure 2A).  This 

phenotype was not an artifact of increased gene density near telomeres, as 

bre1∆ mutants displayed an increase in the percentage of genes repressed 

between 0-10 and 10-20 kilobases (kb) of telomeres as compared to other 10 kb 

bins across the genome (Table 1).  This signature of genes that displayed 

transcriptional defects near telomeres was very reminiscent of the transcriptional 

phenotype of a mutant strain deleted for H2A.Z, htz1∆, which we previously 

demonstrated was caused by an ectopic spread of the repressive Sir complex 

into telomere proximal regions (Meneghini et al., 2003).  To our surprise, 

however, a more rigorous comparison of the individual genes decreased in the 

bre1∆ and htz1∆ microarrays revealed only a small overlap between the 

identities of telomere-proximal affected genes in the two experiments (Figure 

3B).  This difference can be explained by the broader effects observed in bre1∆ 

mutants on fewer genes but across the ends of all chromosomes, while the 

transcriptional decreases measured in htz1∆ mutants were concentrated to a few 

particular chromosomes and the mating type loci (data not shown).  There is little 

overlap between the two mutants genome wide, suggesting differing roles for 

Bre1 and H2A.Z in transcriptional regulation (Figure 3A). 

Given the telomeric enrichment of genes decreased in expression 

observed for bre1∆ mutants, we hypothesized that Bre1, like H2A.Z, antagonizes 

the spread of Sir-dependent silencing into euchromatin adjacent to 

heterochromatin.  To test this experimentally, we assayed for the transcriptional 

changes that occur in bre1∆ sir2∆ double mutants when compared to wildtype 
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cells.  As expected, most of the genes decreased in expression in bre1∆ mutants 

that are within 20 kb of the telomere were not observed bre1∆ sir2∆ double 

mutants (Sir2 dependent genes in Figure 4).  In addition, there were also genes 

decreased in bre1∆ mutants away from telomeres that were Sir2 dependent, 

suggesting that loss of ubH2B can also antagonize Sir2 spread genome-wide, 

similar to our observations with set1∆ htz1∆ mutants (Venkatasubrahmanyam et 

al., 2007). 

Telomere enrichment of genes with decreased expression was also 

observed for a mutant strain deleted for Lge1, the protein that we discovered in 

Chapter 2 that associated with Bre1 directly and was also necessary for ubH2B 

(Figure 2B and Table 1).  When genes decreased in expression within 20kb of 

telomeres were compared individually between bre1∆ and lge1∆ mutants, there 

was a very significant overlap between the two signatures, suggesting that Bre1 

and Lge1 antagonized silencing near telomere through similar mechanisms 

(Figure 1B).  The correlation between the bre1∆ and lge1∆ microarray signatures 

were less overlapping away from telomere-proximal regions (Figure 1A), 

consistent with previous reports and supporting the existence of separate 

functions for Bre1 and Lge1 unrelated to ubH2B (Zhang et al., 2005). 

Given that the only function known for Bre1 was to promote ubH2B and 

meH3K4 and K79, it was likely that the anti-silencing phenotype for Bre1 was 

mediated by its promotion of these euchromatic marks.  To our complete 

surprise, we did not detect the telomeric clustering of down-regulated genes in 

mutant strains unable to ubiquitinate histone H2B or mutants deleted for the 
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methyltransferases for meH3K4 and K79 (set1∆ dot1∆) (Figure 5A and B).  

Instead, the opposite phenotype was observed for set1∆ dot1∆ mutants, 

enrichment of genes that were increased in expression clustered near telomeres 

(Figure 5B).  This phenotype was consistent with our microarray results for set1∆ 

mutants and a mutant that was unable to be methylated on H3K4 which both 

displayed enrichment of up-regulated genes (Venkatasubrahmanyam et al., 

2007).   

Comparison of the identity of telomere proximal genes changed in 

expression for bre1, K123R, and set1∆ dot1∆ mutants confirmed the differences 

in anti-silencing phenotype, as set1∆ dot1∆ and K123R mutants displayed 

significant overlap for up-regulated genes while bre1∆ mutants did not increase 

the expression of many genes in telomeric regions (Figure 6B).  The converse 

was true for down-regulated genes, as there was a significant population of 

genes decreased in expression observed for bre1∆ mutants that was not 

detected for set1∆ dot1∆ mutants.  K123R mutants displayed significantly fewer 

down-regulated genes than bre1∆ mutants (94 vs. 34) but shared a small 

population of genes that overlapped with bre1∆ mutants (24 out of 34 down-

regulated genes), representing a potential minor role of ubH2B in antagonizing 

silencing (Figure 6B).  These unexpected results illuminate an anti-silencing 

function for Bre1 and Lge1 as assayed by microarray that was separate from 

their known functions in promoting ubH2B and meH3K4 and K79.   

In addition to the striking disconnect in phenotype described above, 

comparisons between the bre1∆, K123R, and set1∆ dot1∆ microarrays provided 
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interesting insights into the relationships between the members of this important 

chromatin regulation pathway.  Our microarray results with set1∆ dot1∆ mutants 

were consistent with the previous associations with meH3K4 and K79 with 

transcriptional activity, as more genes are decreased in expression when cells 

are missing the enzymes required for these methylation events (Figure 6A).  The 

increased gene expression observed for these strains can be potentially 

explained by a secondary effect from the transcriptional decreases or a direct 

effect on gene repression for these euchromatic modifications that have not been 

previously appreciated.  However, deletion of Bre1 or ubH2B, upstream 

regulators of meH3K4 and K79, yielded more genes increased in expression 

compared with genes that were decreased (Figure 6A), suggestive of a 

repressive role for the ubiquitination of H2B.  Our results were consistent with 

published microarray profiles for mutants unable to be ubiquitinated at H2B and 

can be potentially explained by the recent finding that ubH2B can be refractory to 

binding by Ctk1, the kinase responsible for the elongation-promoting 

phosphorylation of RNA Polymerase II (Pol II) (Mutiu et al., 2007; Wyce et al., 

2007).  Finally, there are many genes that change in expression in bre1∆ but not 

in K123R mutants both genome-wide and in telomere proximal regions (Figure 

6A), suggesting novel functions and substrates for Bre1, consistent with recent 

reports of Bre1-dependent ubiquitination of Swd2, an component of the Set1 

complex (Vitaliano-Prunier et al., 2008). 

Our work raises several questions that await verification by future 

experiments.  First, how can we reconcile the divergent microarray phenotypes at 
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telomeres for bre1∆ and K123 or set1∆ dot1∆ mutants, given the fact that Bre1 is 

necessary for ubH2B and meH3K4 and K79?  Closer analysis of the telomeric 

regions affected by both bre1∆ and set1∆ dot1∆ mutants revealed that the 

strongest anti-silencing phenotype for Bre1 is localized to regions closest to the 

telomere (within 5kb) while the strongest increase in up-regulated genes in set1∆ 

dot1∆ mutants are located over 5kb away from the telomere (compare Figures 

2A and 5B).  We speculate that cells lacking meH3K4 and K79 allow for ectopic 

spread of Sir proteins over the entire genome, as hypothesized previously (van 

Leeuwen et al., 2002; Venkatasubrahmanyam et al., 2007).  Given the limiting 

pool of Sir2 in the cell, this would titrate away the silencing machinery away from 

telomeres (Smith et al., 1998).  This model is consistent with the finding that 

set1∆ dot1∆ double mutants show a synergistic decrease in Sir2 levels at 

telomere proximal regions (Ng et al., 2003b).  Since the amount of Sir2 

association decreases as a function of distance from the telomere (Strahl-

Bolsinger et al., 1997), regions further away telomeres (>5kb) will be more 

sensitive to decreases in Sir2 levels, accounting for the increase in transcription 

observed at subtelomeric regions in set1∆ dot1∆ mutants.   

In contrast, Bre1 has an anti-silencing function in the cell that is distinct 

from its role in promoting ubH2B and meH3K4 and K79.  This activity appears to 

be stronger at regions directly adjacent to telomeres, suggesting a potential 

direct role for Bre1 at these loci.  Furthermore, this activity can suppress the 

increase in gene expression in subtelomeric regions observed in mutants unable 
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to methylate H3K4 and K79 by increasing silencing at telomere proximal 

locations.   

What is the mechanism for this anti-silencing activity of Bre1?  We favor a 

direct function for Bre1 to antagonize the silencing machinery at telomeric 

regions based on the following arguments.  First, the majority of the down-

regulated genes observed in bre1∆ mutants that were dependent on Sir2 function 

were localized to regions adjacent to telomeres, demonstrating that Bre1 is 

necessary to suppress silencing at these endogenous regions of 

heterochromatin.  In addition, recent publications have implicated Ubp10, one of 

the deubiquitinating enzymes for ubH2B, in regulating silencing at telomeres. 

Mutants deleted for Ubp10 display a severe enrichment of genes increased in 

expression at regions directly adjacent to telomeres (Gardner et al., 2005; 

Orlandi et al., 2004).  When the induced genes in ubp10∆ mutants were 

compared with the down-regulated genes in bre1∆, a significant overlap between 

the two populations was detected, consistent with the hypothesis that Ubp10 play 

a role in promoting silencing at the same loci where Bre1 antagonizes silencing.  

Like Bre1, these effects on silencing appear to be separate from the ability of 

Ubp10 to deubiquitinate histone H2B, as there was very little overlap between 

the ubp10∆ upregulated and K123R mutant downregulated microarray signatures 

(Figure 7).  Given that Ubp10 is enriched 3-4 fold at a loci 0.2kb away from 

telomeres in comparison to regions 7 and 20kb away from telomeres and can 

interact with Sir4 (Emre et al., 2005; Kahana and Gottschling, 1999), it possible 
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that the silencing changes observed for both ubp10∆ and bre1∆ mutants are 

direct. 

Certainly more experiments will be required to establish the mechanism 

for the potential direct modulation of the silencing machinery by Bre1.  The most 

direct hypothesis to explain our observations, given the fact that Bre1 is an 

ubiquitin ligase, is that ubiquitination of the silencing machinery by Bre1 leads to 

inactivation or degradation of the silencing machinery.  In support of this 

hypothesis, we present intriguing preliminary data in Appendix A demonstrating 

the ubiquitination of Sir2.  We were unable to clearly demonstrate the 

dependence of this modification on Bre1 or identify the specific site of 

ubiquitination to perform functional comparisons between a strain with a mutant 

Sir2 that cannot be ubiquitinated and bre1∆ mutants.  However, ubp10∆ mutants 

displayed increased Sir2 ubiquitination compared to wildtype strains, consistent 

with the model discussed above.  Given the evidence for stress induced de-

repression of subtelomeric genes responsible for cell wall rebuilding and stress-

resistance, and ubp10∆ mutants displaying stress response phenotypes (Ai et 

al., 2002; Orlandi et al., 2004), we speculate that the direct modulation of 

silencing at telomeres by Bre1 and/or Ubp10 may serve to regulate the 

expression of silenced genes proximal to telomeres. 
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Material and Methods 

 

Yeast Strains and Plasmids 

 

A list of the yeast strains and plasmids used in this chapter is found in Appendix 

B.  Knockout strains were generated by homologous recombination by 

transforming the parent strain with PCR products encoding drug or auxotrophic 

markers flanked by targeting homology.   

 

Microarray Analysis 

 

Expression profiling was performed as described (Venkatasubrahmanyam et al., 

2007). 
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Figure 1.  Comparison of transcriptional changes observed in bre1∆ and 

lge1∆ mutant strains. 

(A) Transcriptional profiling by microarrays comparing expression of wildtype 

(YM1768) to bre1∆ (YM1740) or lge1∆ (YM1741) mutants by competitive 

hybridization of four arrays for each wildtype and mutant.  Displayed are the 

distinct and overlapping genes that significantly changed in expression, as 

analyzed by Significance Analysis of Microarrays (SAM) statistical tool, for bre1∆ 

and lge1∆ mutant strains across the entire yeast genome.  The Venn diagram to 

the left (green) shows the intersection of decreasing genes while the right (red) 

shows the intersection of increasing genes.  (B) Subset of the data presented 

Figure 1A comparing only genes located <20kb from telomeres. The Venn 

diagram to the left (green) shows the intersection of decreasing genes while the 

right (red) shows the intersection of increasing genes.
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Figure 2.  bre1∆ and lge1∆ mutants display enrichment of down-regulated 

genes at telomere proximal regions. 

(A) ORFs presented in Figure 1 that displayed expression changes in bre1∆ 

mutants were placed in bins corresponding to 5kb segments of the genome as a 

function of distance from the closest telomere.  The number of genes in each bin 

is plotted on the y-axis, with the bars in blue and yellow corresponding to down-

regulated and up-regulated genes, respectively.  (B) Same analysis as in Figure 

2A performed for lge1∆ mutants. 
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Table 1 

bre1∆ vs. WT lge1∆ vs. WT 
# of ORFs % of ORFs # of ORFs % of ORFs 

Distance 
from 

Telomere (kb) 

Total 
# of 

ORFs  Dec Inc Dec Inc Dec Inc Dec Inc 
10 175 60 3 34 2 61 9 35 5 
20 151 34 8 23 5 26 27 17 18 
30 154 25 19 16 12 23 28 15 18 
40 148 22 15 15 10 15 23 10 16 
50 193 21 12 11 6 24 23 12 12 
60 160 16 21 10 13 16 31 10 19 
70 188 14 28 7 15 18 26 10 14 
80 181 15 29 8 16 28 29 15 16 
90 184 17 23 9 13 26 20 14 11 

100 170 14 18 8 11 23 21 14 12 
>100 4971 484 745 10 15 732 800 15 16 

 

Table 1.  bre1∆ and lge1∆ mutants display enrichment of down-regulated 

genes at telomere proximal regions.   

The raw data presented in Figure 2 sorted in 10kb bins and presented as a 

percentage of total ORFs in each bin.   
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Figure 3.  Comparison of transcriptional changes observed in bre1∆ and 

htz1∆ mutant strains. 

(A) Transcriptional profile for bre1∆ mutants presented in Figure 1 is compared 

with the profile of htz1∆ mutants (Meneghini et al., 2003) across the entire yeast 

genome.  The Venn diagram to the left (green) shows the intersection of 

decreasing genes while the right (red) shows the intersection of increasing 

genes.  (B) Subset of the data presented Figure 3A comparing only genes 

located <20kb from telomeres. The Venn diagram to the left (green) shows the 

intersection of decreasing genes while the right (red) shows the intersection of 

increasing genes.
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Figure 4.  Down-regulation of genes enriched near telomeres observed in 

bre1∆ mutants requires Sir2. 

Transcriptional profile for bre1∆ mutants presented in Figure 1 is compared with 

the profile of bre1∆ sir2∆ double mutants (YM3675) assayed for as in Figure 1.  

ORFs that significantly decreased in expression in bre1∆ mutants but not in 

bre1∆ sir2∆ mutants were labeled as Sir2 dependent (blue bars) while ORFs that 

significantly decrease in both mutants were labeled as Sir2 independent (green 

bars).  Data binned and plotted as in Figure 2.
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Figure 5.  K123R and set1∆ dot1∆ mutants do not display enrichment of 

down-regulated genes at telomere proximal regions. 

(A) Transcriptional profiling by microarrays comparing expression of htb1∆ htb2∆ 

cells harboring plasmids encoding wild-type HTB1 versus htb1-K123R alleles 

(Y131 versus Y133; Y133 abbreviated as K123R) performed as described in 

Figure 1 and presented as in Figure 2.  (B) Transcriptional profiling by 

microarrays comparing expression of wild type (YM1768) to set1∆ dot1∆ 

(YM1776) mutants performed as described in Figure 1 and presented as in 

Figure 2. 
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Figure 6.  Comparison of transcriptional changes observed in bre1∆, 

K123R, and set1∆ dot1∆ mutant strains. 

(A) Transcriptional profile for bre1∆ mutants (labeled in green) presented in 

Figure 1 is compared with the profile of K123R (blue) and set1∆ dot1∆ mutants 

(red) presented in Figure 5.  The Venn diagram to the left shows the intersection 

of decreasing genes while the right shows the intersection of increasing genes.  

(B) Subset of the data presented Figure 6A comparing only genes located <20kb 

from telomeres. The Venn diagram to the left shows the intersection of 

decreasing genes while the right shows the intersection of increasing genes.
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Figure 7.  Comparison of transcriptional changes observed in bre1∆, 

K123R, and ubp10∆ mutant strains for genes located <20kb from telomeres. 

Down-regulated genes observed for bre1∆ mutants (labeled in green) presented 

in Figure 1 is compared with the down-regulated genes observed for K123R 

(blue) in Figure 5 and the published profile of genes up-regulated in ubp10∆ 

mutants (Gardner et al., 2005). The Venn diagram shows the intersection of 

genes located <20kb from telomeres. 
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CHAPTER 4 

 

Nonredundant Requirement for Multiple Histone Modifications for the  

Early Anaphase Release of the Mitotic Exit Regulator Cdc14  

from Nucleolar Chromatin  
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Abstract 

 

In S. cerevisiae, the conserved phosphatase Cdc14 is required for the exit from 

mitosis.  It is anchored on nucleolar chromatin by the Cfi1/Net1 protein until early 

anaphase at which time it is released into the nucleoplasm.  Two poorly 

understood, redundant pathways promote Cdc14 release, the FEAR (Cdc 

fourteen early release) network and the MEN (mitotic exit network).   Through the 

analysis of genetic interactions, we report here a novel requirement for the 

ubiquitination of histone H2B by the Bre1 ubiquitin ligase in the cell cycle-

dependent release of Cdc14 from nucleolar chromatin when the MEN is 

inactivated.  This function for H2B ubiquitination is mediated by its activation of 

histone H3 methylation on lysines 4 and 79 (meH3K4 and meH3K79) but, 

surprisingly, is not dependent on the histone deacetylase (HDAC) Sir2 which 

associates with Cdc14 on nucleolar chromatin as part of the RENT complex.  We 

also observed a defect in Cdc14 release in cells lacking H3 lysine 36 methylation 

(meH3K36) and in cells lacking an HDAC recruited by this modification.  These 

histone modifications represent previously unappreciated factors required for the 

accessibility to and/or action on nucleolar chromatin of FEAR network 

components.  The nonredundant role for these modifications in this context 

contrasts with the notion of a highly combinatorial code by which histone marks 

act to control biological processes. 
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Author Summary 

 

In the S. cerevisiae cell cycle, the exit from the mitotic state is triggered by the 

release of the Cdc14 phosphatase from the nucleolus, where it is sequestered 

and kept inactive.  Cdc14 is bound to an anchor called Cfi1/Net1 and associates 

with nucleolar chromatin. The initial release occurs in early anaphase of the cell 

cycle and requires the cohesin protease separase as well as several other 

proteins of unknown biochemical function. The role of chromatin, if any, in the 

regulation of Cdc14 sequestration and/or release is unexplored.  We show that 

multiple evolutionarily conserved histone modifications are required for this early 

anaphase release of Cdc14.  These include histone H2B monoubiquitination as 

well as two methylations of histone H3 on lysines 4 and 79 that require H2B 

monoubiquitination to occur efficiently.  In addition, methylation of H3 on lysine 

36 and a histone deacetylase recruited by this modification are also required for 

the initial anaphase release of Cdc14.  We suggest that these histone 

modifications are required on nucleolar chromatin for the accessibility and/or 

action of factors involved in the early anaphase release of Cdc14.  The 

nonredundant requirement for multiple chromatin modifications stands in contrast 

to the popular notion of a highly combinatorial “histone code” for the action of 

histone marks. 
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Introduction 

 

To ensure the timely and correct inheritance of sister chromatids followed 

by cytokinesis, eukaryotic cells have evolved sophisticated regulatory networks.  

Part of the regulatory complexity involves the requirement that a variety of 

soluble proteins communicate with tightly chromatin-bound factors on 

chromosomes.   An example of such a mechanism in the budding yeast S. 

cerevisiae is the control of Cdc14, a conserved and essential protein 

phosphatase.  Outside of anaphase, Cdc14 is kept away from its soluble 

substrates by being tightly associated with nucleolar chromatin through its 

inhibitor, the nucleolar protein Cfi1/Net1.  Upon entry into anaphase, however, 

this interaction is dissolved via the phosphorylation of Cfi/Net1, which is 

necessary for the release of Cdc14 from the nucleolus (Azzam et al., 2004; Shou 

et al., 2002; Yoshida and Toh-e, 2002).  Liberated Cdc14 dephosphorylates 

mitotic Clb cyclin dependent kinases (Clb-CDKs) and their substrates to promote 

exit from mitosis (Azzam et al., 2004; Shou et al., 1999; Visintin et al., 1998; 

Visintin et al., 1999).  

Work in the last decade has elucidated two pathways, dubbed the FEAR 

(Cdc Fourteen Early Anaphase Release) network and the MEN (Mitotic Exit 

Network), that together control the release of Cdc14 (D'Amours and Amon, 2004; 

Stegmeier and Amon, 2004).  The MEN, the first and better characterized of the 

two networks, is a signaling cascade which is controlled by the GTPase Tem1 

and its upstream regulators, the GTPase activating complex Bub2-Bfa1 and the 
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GTP exchange factor Lte1.  Before and during early anaphase, Tem1 is kept in 

its inactive GDP state by association with Bub2-Bfa1 at the spindle pole body 

(SPB).  As the SPB enters the daughter cell during mid to late anaphase, Tem1 

is relieved of inhibition by exposure to bud localized Lte1 and activates a kinase 

cascade consisting of Cdc15 and the Dbf2/Mob1 complex (Bardin et al., 2000; 

Frenz et al., 2000; Lee et al., 2001; Mah et al., 2001; Pereira et al., 2000; Visintin 

and Amon, 2001).  Finally, through an uncharacterized mechanism, Dbf2/Mob1 

directs the release of Cdc14, possibly through direct phosphorylation of Cfi1/Net1 

(Mah et al., 2001).   

MEN mutants, however, still display a transient release of Cdc14 early in 

anaphase (Pereira et al., 2002; Stegmeier et al., 2002; Sullivan and Uhlmann, 

2003; Yoshida et al., 2002).  This observation led to the identification of the 

FEAR network, encoded by a set of genes that when mutated in combination 

with mutations in the MEN are unable to release Cdc14 from the nucleolus 

(Stegmeier et al., 2002).  Genetic epistasis experiments separate FEAR network 

components into two pathways (Visintin et al., 2003).  One is regulated by a non-

proteolytic function of Esp1, the cohesin protease also known as separase, which 

acts in concert with the kinetochore associated protein Slk19 to inhibit the 

paralogs Zds1 and Zds2 (Queralt and Uhlmann, 2008; Stegmeier et al., 2002; 

Sullivan and Uhlmann, 2003).  These latter proteins appear to inhibit a type 2A 

protein phosphatase called PP2ACdc55
 that otherwise reverses the 

phosphorylation of Cfi1/Net1 by Clb-CDK (Queralt and Uhlmann, 2008).  The 

anaphase inactivation of PP2ACdc55 has been suggested to lead to the 
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accumulation of phosphorylated, inactive Cfi1/Net1 and consequent release of 

Cdc14 (Queralt et al., 2006). The second branch of the FEAR network includes 

the nucleolar protein Spo12, its homolog Bns1, and Fob1, which binds Spo12 to 

relieve its inhibitory interaction with Cfi1/Net1 (Shah et al., 2001; Stegmeier et al., 

2004; Stegmeier et al., 2002; Visintin et al., 2003).  The initial burst of Cdc14 

release promoted by the FEAR network feeds forward to activate the MEN, thus 

promoting its continued release until the end of mitosis (Jensen et al., 2002; 

Pereira et al., 2000; Pereira et al., 2002; Seshan et al., 2002; Stegmeier et al., 

2002).  Bridging the two pathways is the Polo-like kinase Cdc5, which can 

regulate the MEN by inhibition of the Bub2/Bfa1 complex but is also required for 

FEAR network mediated Cdc14 release downstream of or parallel to separase by 

potential direct phosphorylation of Net1 (Hu et al., 2001; Rahal and Amon, 2008; 

Shou et al., 2002; Stegmeier et al., 2002; Visintin et al., 2003) (Figure 1).  The 

biochemical mechanisms by which FEAR network components combine to 

regulate early anaphase release of Cdc14 remain a mystery.   

 Cfi1/Net1, in addition to regulating Cdc14 function, is localized onto rDNA 

chromatin with the histone deacetylase Sir2 in a protein complex named RENT 

(regulator of nucleolar silencing and telophase exit) to regulate the silencing of 

rDNA heterochromatin, recombination of the rDNA repeats, and RNA 

Polymerase I transcription (Huang and Moazed, 2003; Shou et al., 2001; Shou et 

al., 1999; Straight et al., 1999; Visintin et al., 1999).  The localization of RENT to 

the NTS1 (non-transcribed spacer) region of rDNA is dependent on Fob1, which 

also has multiple functions at this region including blocking replication fork 
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progression to prevent the collision of convergent DNA polymerases (Huang and 

Moazed, 2003).  Curiously, Cdc14 is sequestered on rDNA chromatin specifically 

at this RFB (replication fork block) along with the other members of the RENT 

complex and Fob1, leading to speculation on whether or not the regulation for 

these other activities at rDNA overlap with the regulation of Cdc14 release 

(Huang and Moazed, 2003; Stegmeier et al., 2004). 

 Recent studies have revealed a role for histone modifications in regulating 

rDNA functions.  In particular, the methylation of histone H3 on Lysine 4 and 79 

by the methyltransferases Set1 and Dot1 respectively are required for robust 

rDNA silencing (Briggs et al., 2001; Bryk et al., 2002; Park et al., 2002; Singer et 

al., 1998; van Leeuwen et al., 2002).  These modifications require the presence 

of monoubiquitination on Lysine 123 of histone H2B (ubH2B-K123), mediated by 

the E2 ubiquitin conjugating enzyme Rad6 and the E3 ubiquitin ligase Bre1 

(Hwang et al., 2003; Robzyk et al., 2000; Wood et al., 2003a).  Deletion of the 

H2B deubiquitinating enzyme Ubp10 results in decreased Sir2 association at 

rDNA and increased the recombination frequency of rDNA repeats (Calzari et al., 

2006), suggesting that histone modifications can play a direct role in regulating 

rDNA functions. 

 Based on recent genetic evidence from large-scale synthetic lethal 

screens linking the histone ubiquitination machinery to members of the MEN 

(Pan et al., 2006; Ye et al., 2005), we investigated the possibility that histone 

modifications may be required for efficient exit from mitosis.  We verified the 

genetic interactions cited above and demonstrate a requirement for histone 
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ubiquitination in the early nucleolar release of Cdc14 during early anaphase in 

the absence of MEN activity.  This requirement is dependent on the activation of 

histone methylation by ubH2B-K123 but is independent of Sir2.  Finally, we show 

that these effects are not due to aberrant regulation of known FEAR network 

components and can be extended to other histone modifications.   



 75 

Results 

 

H2B-K123 Ubiquitination is Required for Cell Viability and Full Release of Cdc14 

from the Nucleolus when MEN is Inactive 

 

We reasoned that new functions for Bre1, the conserved ubiquitin ligase 

for ubH2B-K123, might be illuminated through the identification of mutants that 

display synthetic growth defects when combined with bre1∆ mutants.  High-

throughput microarray-based studies reported a genetic interaction between 

bre1∆ and deletion of the GTP exchange factor Lte1, a regulator of the MEN 

(Pan et al., 2006; Ye et al., 2005).  Such a genetic interaction is characteristic for 

members of the FEAR network, which act in a partially redundant manner with 

the MEN to regulate the essential release of Cdc14 from the nucleolus and 

promote exit from mitosis (Figure 1).  Specifically, defects in the MEN render 

FEAR network components essential for viability and is a defining characteristic 

of FEAR members (Stegmeier et al., 2002).  Therefore, we investigated the 

possible requirement for Bre1 in the release of Cdc14 in early anaphase.  We 

confirmed the reported synthetic interaction and observed the inviability of bre1∆ 

lte1∆ double mutant as determined by its inability to lose a URA3-marked 

plasmid encoding LTE1 as assayed by lack of growth on 5-FOA media  (Figure 

2A).  The lethal phenotype of the bre1∆ lte1∆ mutant was rescued by the deletion 

of BUB2, an upstream negative regulator of the MEN, consistent with the notion 

that lethality of the bre1∆ lte1∆ mutant results from a defect in mitotic exit (Figure 
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S1).  Synthetic lethality was also observed in double mutants containing a 

deletion of LTE1 with either RAD6, which encodes the E2 enzyme for H2B 

ubiquitination, or LGE1, which encodes a Bre1-interacting protein that is required 

for ubH2B-K123 (Figure S1).   

Since histone H2B is the only known substrate for Bre1, we hypothesized 

that ubH2B-K123 mediates the mitotic exit functions for Bre1.  To test this 

hypothesis, we generated a strain replacing the codon for lysine 123 of both 

histone H2B genes with one coding for arginine (htb1-K123R htb2-K123R), 

rendering histone H2B unable to be ubiquitinated.  We first examined the 

phenotype of a triple mutant with lte1∆.  The htb1-K123R htb2-K123R lte1∆ triple 

mutant displayed a very severe growth defect (Figure 2A).  This result points to a 

role for ubH2B-K123 as the downstream effector of Bre1 in promoting mitotic 

exit.  However, the ability to obtain viable, albeit very slow, colony growth for the 

triple mutant compared to the inviability of the bre1∆ lte1∆ mutant is consistent 

with an additional function for Bre1 that is independent of H2B ubiquitination.   

To test more directly the potential roles of Bre1 and ubH2B-K123 in FEAR 

network function, we took advantage of the observation that cells synchronized 

for cell cycle progression (by arrest in G1 with mating pheromone followed by 

release into the cell cycle) transiently release Cdc14 (as determined by indirect 

immunofluorescence) during early anaphase when the MEN was inactivated by 

the cdc15-2 mutation.  In this MEN mutant background, Slk19 and Spo12 have 

been reported to be required for full release of Cdc14 (Stegmeier et al., 2002).  In 

our experiments, cdc15-2 mad1∆ slk19∆ mutants (MAD1 is deleted to allow 
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comparison to slk19∆ mutants, which exhibit spindle checkpoint defects (Zeng et 

al., 1999)) displayed a complete defect in Cdc14 release during anaphase, while 

cdc15-2 mad1∆ spo12∆ bns1∆ mutants displayed a small population with a 

partial release phenotype, characterized by Cdc14 release combined with 

residual sequestration in the nucleolus (Figure 2B, 2C, 6A). This is consistent 

with the published phenotypes of FEAR mutants (Stegmeier et al., 2002).  When 

cdc15-2 mad1∆ bre1∆ mutants were assayed, they showed a defect in Cdc14 

release during early anaphase reminiscent of cdc15-2 mad1∆ spo12∆ bns1∆ 

mutants.  Similarly, cdc15-2 mad1∆ htb1-K123R htb2-K123R quadruple mutants 

were also unable to fully release Cdc14 (Figure 2C).   

To ensure that the Cdc14 release phenotypes we observed were not the 

result of asynchronous release from arrest resulting in the imprecise 

measurement of anaphase, we assayed for Cdc14 release phenotypes in 

individual cells while measuring spindle lengths as a more precise marker of 

anaphase progression.  We observe full release of Cdc14 in a high percentage of 

cdc15-2 mad1∆ cells with short spindles (2-6µm), while cdc15-2 mad1∆ bre1∆ 

mutants only display a small percentage of Cdc14 that is partially released, in 

accordance with our timecourse results (Figure S2).  In addition, we observed 

that cdc15-2 mad1∆ bre1∆ and cdc15-2 mad1∆ htb1-K123R htb2-K123R 

mutants displayed a ~40 minute delay in progression into metaphase and 

anaphase.  This defect in cdc15-2 mad1∆ bre1∆ mutants was a result of a prior 

cell cycle delay of ~30-40 minutes that occurs prior to G2, as demonstrated by 
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the analysis of DNA content and most likely does not reflect a defect in mitotic 

entry (Figure S3).  

Another defining characteristic of FEAR network mutants is that they are 

delayed in cell cycle progression due to the elongation of anaphase (Stegmeier 

et al., 2002).  To test whether or not bre1∆ mutants display this defect, we 

measured the progression through the cell cycle of synchronized mad1∆, mad1∆ 

bre1∆, and mad1∆ slk19∆ mutant cells.  mad1∆ bre1∆ mutants, like mad1∆ 

slk19∆ mutants, exhibited a 10 minute increase in time spent in anaphase when 

compared to mad1∆ mutants (~50 minutes total time in anaphase for mad1∆ 

mutants vs. ~60 minutes for mad1∆ bre1∆ or mad1∆ slk19∆ mutants) (Figure 

2D).  

 

Cdc14 Release Defects Observed in bre1∆ cannot be Explained by Alterations in 

Expression and Localization of FEAR Network Members 

  

Several studies, including our own, have established transcriptional 

changes in the bre1∆ mutant and mutants in H2B ubiquitination (our unpublished 

observations), (Mutiu et al., 2007).  It is possible that the defects we observe for 

Cdc14 release in bre1∆ are due to transcriptional changes of genes encoding for 

known regulators of mitotic exit.  To address this possibility, we measured the 

mRNA levels of known MEN and FEAR network regulators by reverse 

transcription coupled to quantitative PCR analysis (RT-QPCR).  We observed no 

significant changes in transcript levels between wildtype and bre1∆ mutants 
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(Figure 3A).  In addition, we epitope-tagged several key FEAR network 

components and compared their protein expression levels in wild type cells to 

bre1∆ mutants to account for any post-transcriptional regulation of these proteins 

(Figure 3B).  Levels of the Cdc14 release activators Slk19, Spo12, and Cdc15 

would be expected to decrease in bre1∆ mutants if expression changes were the 

cause of the mitotic exit defects observed for histone H2B ubiquitination mutants.  

We observed no decreases in these activators; in fact, we found that the levels of 

Slk19 are increased in bre1∆ cells (Figure 3B).  Conversely, inhibitors of Cdc14 

release such as Fob1, Cfi/Net1, and the PP2A regulatory subunits Cdc55 and 

Tpd3, would be increased in expression to explain the Cdc14 release defects in 

bre1∆ mutants.  We observed no changes in bre1∆ mutants for the inhibitors 

listed above except Cfi1/Net1, which displays an increase in expression (Figure 

3B).   

This increase in Cfi1/Net1 levels provided a possible explanation for the 

mitotic exit defects observed for bre1∆ mutants that we sought to investigate 

further.  Cdc14 sequestration in nucleolar chromatin is dependent on two 

proteins, Fob1 and Cfi1/Net1, which interact biochemically and co-localize to the 

NTS1 region of rDNA along with Cdc14 (Huang and Moazed, 2003; Stegmeier et 

al., 2004).  If the increase in total Cfi1/Net1 levels corresponds to an increase in 

Cfi1/Net1 occupancy at NTS1 in bre1∆ mutants, Cdc14 sequestration could be 

increased, causing the observed Cdc14 release defects.  Furthermore, even 

though total Fob1 levels are unchanged in bre1∆ mutants, Fob1 bound to 

chromatin could in principle be increased by a loss of ubH2B-K123, leading to 
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defects in mitotic exit similar to those observed previously for strains 

overexpressing Fob1 (Stegmeier et al., 2004).  To test these possibilities, the 

quantitative association of epitope-tagged Cfi1/Net1 and Fob1 to the rDNA loci 

was measured by chromatin immunoprecipitation (ChIP) in wild type and bre1∆ 

strains.  We observed enrichment of Cfi1/Net1 and Fob1 at the NTS1 region of 

rDNA, consistent with previous reports, but did not detect any significant changes 

in bre1∆ mutants (Figure 3B).  Thus, the mitotic exit defects of bre1∆ mutants 

cannot be explained by detectable changes in the localization profiles of known 

chromatin-associated Cdc14 regulators.  Finally, it is possible that the excess 

Cfi1/Net1 observed in bre1∆ cells could be aberrantly sequestering Cdc14 

elsewhere in the nucleolus, rendering Cdc14 inaccessible to activation by the 

FEAR network.  To address this possibility, we measured Cdc14 levels at rDNA 

by ChIP.  We observed no significant alteration of the Cdc14 signal at these 

endogenous sites of sequestration.    

 

Cdc14 Release Defects of Cells Defective for ubH2BK123 can be Explained by 

Defects in Downstream Methylation of Histone H3 

 

 To date, the only characterized role for H2B ubiquitination is to promote 

the downstream methylation of H3K4 and H3K79.  Therefore we tested the 

hypothesis that the Cdc14 release defects we observed in bre1∆ and htb1-

K123R htb2-K123R strains were due to the absence of meH3K4 and/or 

meH3K79.  We first assayed the phenotype of double mutants of lte1∆ and 
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deletions of Set1 and Dot1, the methyltransferases responsible for meH3K4 and 

meH3K79, respectively.  The lte1∆ set1∆ mutant displayed a synthetic lethal 

phenotype while the lte1∆ dot1∆ mutant exhibited a similar growth defect to the 

lte1∆ single mutant (Figure 4A).  This phenotype for set1∆ is unaffected by the 

loss of Dot1, as the set1∆ dot1∆ lte1∆ triple mutant is also inviable (Figure 4A).  

This genetic data suggested that the requirement for H2B ubiquitination in mitotic 

exit might be specific to its downstream activation of meH3K4.   

To test this prediction directly, we assayed for the early anaphase Cdc14 

release in cdc15-2 mad1∆ strains containing deletions of SET1 and DOT1 

(Figure 4B).  The cdc15-2 mad1∆ set1∆ mutant was unable to release Cdc14, 

consistent with the genetic interaction between set1∆ and lte1∆ and similar to the 

phenotype we observed for bre1∆ and htb1-K123R htb2-K123R mutants.  

However, in contrast the predictions from the genetic interactions, cdc15-2 

mad1∆ dot1∆ mutants are also unable to fully release Cdc14, though the release 

defect is milder than that observed for set1∆ mutants.  This discrepancy may be 

explained by differing thresholds for function in the two assays and/or the fact 

that eliminating the function of Cdc15, the central and essential kinase of the 

MEN, is a more severe perturbation of mitotic exit than the deletion of the non-

essential upstream regulator Lte1. In addition, the defect in Cdc14 release of the 

methyltransferase mutants is not due to loss of other functions of the enzymes, 

as an unmethylatable lysine to arginine double mutant of H3K4 and H3K79 was 

also unable to release Cdc14 (Figure 4C).  Taken together, the genetic and 

Cdc14 release data suggests that the primary determinant for the Cdc14 release 
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defect of bre1∆ and htb1-K123R htb2-K123R mutants is the loss of methylation 

on H3K4.  However, meH3K79 is also required for efficient release of Cdc14 in 

the absence of MEN, suggesting a more generalized requirement for histone 

modifications in this process.   

 

Cdc14 Release in the Absence of MEN Activity Requires the Methylation of 

meH3K36 and its Recruited Histone Deacetylase Rpd3 

  

 Our data suggest that in the absence of MEN activity, multiple histone H3 

methylation events are required for the complete release of Cdc14 from 

sequestration.  To address the specificity of this requirement, we measured the 

Cdc14 release profile of a cdc15-2 mad1∆ strain carrying a deletion of Set2, the 

remaining histone H3 methyltransferase in yeast that catalyzes the modification 

of lysine 36.  Surprisingly, this mutant also displays a severe defect in Cdc14 

release that is similar to the defect of the cdc15-2 mad1∆ set1∆ mutant (Figure 

4B).  Like dot1∆ mutants, however, set2∆ mutants display a weak genetic 

interaction with strains deleted for Lte1 (Figure 4A).   

 The requirement for meH3K36 for efficient Cdc14 release is intriguing 

because this methylation has been demonstrated to recruit the Rpd3 histone 

deacetylase complex.  Large-scale screens have detected a synthetic lethal 

interaction between lte1∆ and rpd3∆ mutants (Ye et al., 2005), which we 

reconfirmed using our plasmid shuffle strategy (Figure 5A) raising the possibility 

that histone deacetylation by Rpd3 is an additional requirement for Cdc14 
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release.  To address this possibility, we assayed for Cdc14 release in a cdc15-2 

mad1∆ rpd3∆ mutant and observed a complete absence of release, suggesting 

that histone deacetylation is necessary for Cdc14 release (Figure 5B).  However, 

this requirement appears to be specific to deacetylation by Rpd3, as deletion of 

Hda1, a related histone deacetylase that displays overlapping functions with 

Rpd3 (Bernstein et al., 2000), did not show genetic interactions with lte1∆ and 

displays only a very slight Cdc14 release defect (Figure 5A, B).  Similarly, a 

mutant strain deleted for Sir2, the histone deacetylase responsible for rDNA 

silencing in yeast, displayed no synthetic growth defect when combined with 

lte1∆ and was still able to release Cdc14 in the absence of MEN activity (Figure 

5A, B).  

 

Cdc14 Release Defects of FEAR Pathway and Histone Modification Mutants do 

not Require the Histone Deacetylase Sir2 

  

 The data above indicate that the loss of Sir2 does not affect the ability of 

cells to release Cdc14 in the absence of MEN.  However, recent studies from our 

laboratory and others have shown that histone H3 methylation can antagonize 

the association and function of Sir2 (Venkatasubrahmanyam et al., 2007).  In 

addition, cells lacking Ubp10, an H2B-K123 deubiquitinating enzyme, display a 

decrease in Sir2 binding at the NTS1 region of rDNA where Cdc14 is bound 

(Calzari et al., 2006).  This raised the possibility that the Cdc14 release defects 

that we observe in histone modification mutants result from increased or altered 



 84 

localization of Sir2 at rDNA.  To address this possibility, we assayed a cdc15-2 

mad1∆ htb1-K123R htb2-K123R sir2∆ mutant to determine whether or not 

deletion of Sir2 could rescue the Cdc14 release defect of cdc15-2 mad1∆ htb1-

K123R htb2-K123R cells.  No changes in Cdc14 release were observed when 

the two mutants were compared (Figure 6A, B), suggesting that altered Sir2 

function is not responsible for the Cdc14 release phenotype of htb1-K123R htb2-

K123R mutants.  Furthermore, deletion of Sir2 did not rescue the Cdc14 release 

defects of spo12∆ bns1∆ or slk19∆ mutants, demonstrating that aberrant Sir2 

function is not the cause of the Cdc14 release defects observed in known FEAR 

pathway mutants (Figure 6A, B). 
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Discussion 

 

Although typically thought of as a site for transcription of tandem arrays of 

rDNA genes, rRNA processing, and ribosome assembly, the nucleolus plays 

other critical roles in cellular regulation.  The anchoring of the conserved 

eukaryotic phosphatase Cdc14 in the nucleolus is a prominent example of such a 

function. Despite the physical association of Cdc14 and its sequestration 

machinery with nucleolar chromatin, the impact of chromatin modifications on this 

mechanism has not been reported previously.   

In this study, we provide evidence for a role for the conserved ubiquitin 

ligase Bre1 and monoubiquitination of histone H2B in the early phase of mitotic 

exit.  First, in cells lacking the MEN component Lte1, we observed that deletion 

of BRE1 or mutation of the codon encoding the target lysine in both H2B genes 

results in cellular inviability or severe growth defects, respectively.  Such a 

phenotype is characteristic of mutants in components of the FEAR network 

responsible for the early anaphase release of Cdc14.   Second, we found that 

Bre1 and ubH2B-K123 are indeed required for full Cdc14 release during early 

anaphase when the MEN is inactivated by the cdc15-2 mutant.   

 Furthermore, we established that this requirement for ubH2B-K123 in 

Cdc14 release is dependent on the downstream effects of ubH2B-K123 on the 

methylation of H3K4 and H3K79, as strains unable to be methylated on these 

residues are also defective for early anaphase Cdc14 release.  Based on genetic 

interactions with lte1∆, however, methylation of H3K4 appears to provide a 
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stronger requirement for full Cdc14 release.  This observation is consistent with a 

report showing that set1∆ mutants but not dot1∆ mutants display a higher 

proportion of cells in a cycling population with a 2C DNA content (Nislow et al., 

1997).  We also observed Cdc14 release defects for set2∆ mutants, which was 

surprising since H3K36 methylation does not require ubH2BK123 (Briggs et al., 

2002).  Nonetheless, these data demonstrate that all three of the known 

methylation marks on histone H3 in S. cerevisiae play a role in this process.  

These data may also help to explain the observation that a haploid 

H3K4R,36R,79R strain mutated for all three H3 methylation sites displays an 

increased population of cells with 2C DNA content (Jin et al., 2007).  

 The requirement for histone modifications in mitotic exit is most simply 

explained by the direct modification of nucleolar chromatin.  We demonstrated 

that the Cdc14 release defects we observe are not correlated with changes in 

expression levels of known Cdc14 release factors, as the transcript and protein 

levels of regulators are unchanged or increased in bre1∆ mutants.  The sole 

exception is the increase in levels of Cfi1/Net1, which could potentially cause an 

increase in Cdc14 sequestration.  However, this increase does not change the 

levels of Cfi1/Net1 or Fob1 associated with chromatin at the rDNA locus as 

measured by ChIP.  The presence of both H3K4 and K79 methylation has been 

reported at rDNA chromatin by ChIP, consistent with a direct role for these 

modifications in affecting rDNA function (Briggs et al., 2001; Bryk et al., 2002; Li 

et al., 2006; Ng et al., 2003a).  Dot1, the H3K79 methyltransferase, has also 

been reported to be present in the nucleolus by microscopy of cycling cells and 
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spread mitotic nuclei (San-Segundo and Roeder, 2000).  Lastly, deletion of 

Ubp10, a deubiquitinating enzyme for ubH2B-K123, increases the levels of both 

meH3K4 and K79 at the NTS1 region, suggesting that ubH2B-K123 is also 

present at the site of Cdc14 sequestration and is able to promote the methylation 

of H3K4 and K79 at this locus (Calzari et al., 2006).  These modifications may 

depend on the transcription of this region by RNA polymerase II (PolII), since 

there is a reported transcript produced from a promoter in the NTS1 region and 

PolII has been detected in this region by ChIP (Houseley et al., 2007; Kobayashi 

and Ganley, 2005; Li et al., 2006). 

In addition to showing that histone H2B ubiquitination and histone H3 

methylation are required for efficient Cdc14 release, we verified the reported 

genetic interaction of rpd3∆ and lte1∆ (Ye et al., 2005) and demonstrated defects 

in Cdc14 release of rpd3∆ mutants when MEN activity was inhibited.  Unlike 

histone methylation, however, the requirement for histone deacetylation in Cdc14 

release was specific to deacetylation by Rpd3 and not shared by other HDACs 

such as Hda1 and Sir2.  These results are in agreement with expression 

microarray data showing no significant overlap between sir2∆ and rpd3∆ mutant 

expression profiles and the overrepresentation of cell cycle related transcripts in 

rpd3∆ that is not observed in hda1∆ mutants (Bernstein et al., 2000).  The 

transcriptional changes of cell cycle genes in rpd3∆ mutants suggest a possible 

indirect transcriptional mechanism for the requirement for Rpd3 in Cdc14 release 

but given the many reports linking Rpd3 to rDNA functions a direct role at rDNA 

cannot be excluded (Tsang et al., 2003; Tsang et al., 2007).   
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Although our studies point to a role for histone modifications in controlling 

the early anaphase release of Cdc14, understanding the underlying biochemical 

mechanisms involved will require further studies.  An appealing possibility is that 

histone modifications may serve to maintain a permissive state for mitotic exit 

regulators to access the chromatin associated factors Cfi1/Net1 and Fob1 at the 

onset of anaphase and to enact the release of Cdc14.  Surprisingly, our genetic 

experiments indicate that this requirement is independent of the action of the 

Cdc14-associated histone deacetylase Sir2 and removal of Sir2 did not bypass 

the requirement for histone modifications in Cdc14 release.  Potential candidates 

whose access to Cfi1/Net1 could be affected by this alteration of chromatin 

function include Cdc5 and Clb-Cdk, the kinases responsible for Cfi/Net1 

phosphorylation, and PP2ACdc55, the phosphatase complex that counteracts this 

phosphorylation.  Recently, Zds1 and Zds2, previously identified to associate 

with the chromatin silencing machinery (Roy and Runge, 1999), have been 

shown to play a role in early anaphase release of Cdc14 and to interact with 

PP2ACdc55
 (Queralt and Uhlmann, 2008), suggesting another potential mediator 

for the histone modification requirement for efficient mitotic exit.  

As all of the histone modifications studied here are conserved from yeast 

to mammals, it seems possible that their role in controlling localization of Cdc14 

is also conserved.  A hint that this might be the case comes from studies of 

HUB1, the homolog of Bre1 in Arabidopsis thaliana.  Cells from hub1-1 mutants 

exhibit an increased population with 4C DNA content, consistent with a delay in 

progression through G2 or mitosis (Fleury et al., 2007).  In addition, while Cdc14 
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is not essential for mitotic exit in animal cells, its cell cycle-regulated association 

with the nucleolus is remarkably conserved from yeast to humans (Kaiser et al., 

2002).  Recently, it was reported that mammalian cells have adapted the Cdc14 

sequestration mechanism to regulate the G2 DNA-damage checkpoint 

(Bassermann et al., 2008).  Given the emerging role of meH3K79 and other 

histone modifications in the DNA damage response (Escargueil et al., 2008), it is 

possible that Cdc14 regulation by meH3K79 described here is relevant to the 

function in metazoans of this conserved histone modification in the DNA damage 

checkpoint signaling.   

More generally, our studies point to a role for histone modifications in a 

process involving chromatin but not directly impinging on transcription or DNA 

repair on which most functional studies have been focused.  The nonredundant 

role for all three known histone methylations in mitotic exit suggests they do not 

function in this context as part of a combinatorial code but instead may affect 

chromatin in a similar way to promote the programmed release of a chromatin 

bound factor. 
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Materials and Methods 

 

Yeast Strains and Plasmids 

 

A list of the yeast strains and plasmids used in this paper is found in Appendix B.  

Knockout strains were generated by homologous recombination by transforming 

the parent strain with PCR products encoding drug or auxotrophic markers 

flanked by targeting homology.   

 

Measurement of Genetic Interactions 

 

Genetic interactions of mutants with lte1∆ mutations were assayed by sporulation 

and tetrad dissection of heterozygous diploids containing a wild type copy of 

LTE1 on the CEN URA3 pRS316 plasmid (pRS316-LTE1).  Spores with the 

respective single, double, and triple mutations and the pRS316-LTE1 plasmid 

were selected for and grown overnight on YPD plates to increase the population 

of cells that have lost the plasmid.  To assay for growth of mutants without LTE1, 

strains were inoculated from frozen stocks into minimal synthetic defined liquid 

media lacking uracil (SD –Ura) and grown overnight to select for pRS316-LTE1, 

and diluted into liquid YPD media and grown overnight to allow for loss of the 

plasmid.  Five-fold dilutions of 1 OD of cells were made in water and transferred 

onto plates containing the drug 5-fluoroorotic acid (5-FOA) to select against cells 

that still harbor the URA3-marked plasmid or SD –Ura plates to control for 
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amount of cells plated.  The wild type and lte1∆ mutants shown for Figures 2, 4, 

and 5 are from tetrad dissections of YM2589 and are representative of the 

growth of wild type and lte1∆ mutants from tetrad dissection of YM3477, 

YM3463, YM2924, YM3482, YM3476, and YM3447.   

 

Cell Cycle Time Course for Cdc14 Localization 

 

cdc15-2 strains were inoculated from frozen stocks and grown overnight at 25˚C 

in YPD medium and then diluted and grown an additional night until saturation.  

Cultures were diluted into 25ml of YPD at room temperature and grown for at 

least one doubling until OD 0.2 at 25˚C.  Alpha-factor (25µl of 10mg/ml) was 

added twice to each culture for a total of 2.5 hrs to arrest cells in G1. To release 

cells into the cell cycle, cells were first collected on nitrocellulose filters and 

washed with 5 x 25ml of YPD to eliminate residual alpha factor.  Cells were then 

resuspended in 25mL of YPD pre-warmed to 37˚C at the 0 min timepoint to 

inactivate the cdc15-2 gene product and incubated until time course completion.  

1ml samples were collected at each timepoint and processed as described 

below.  Time courses with CDC15 strains were performed as above except cells 

were resuspended at timepoint 0 min in 25˚C YPD media and incubated at 25˚C 

during the time course.    
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Indirect Immunofluorescence 

 

Samples collected from time course are resuspended in 1ml Buffer KP + 

formaldehyde (90mM potassium phosphate pH 6.4, 3.7% formaldehyde) and split 

into two 500µl fractions.  Fraction #1 (for Cdc14-HA localization) is fixed by 

incubation at 30˚C for 10 min (mixed on BD Clay Adams Nutator).  Fraction #2 

(for spindle visualization) is fixed overnight at 4˚C without mixing (overnight 

fixation increases spindle signal).  Both samples are washed 3X after fixation 

with 1ml of Buffer KP (100mM potassium phosphate pH 6.4) and once with 1ml 

Buffer KPS (100mM K2HPO4, 1.2M sorbitol, 36mM citric acid, pH 5.9).  Samples 

are resuspended in 250µl of Buffer KPS and stored overnight at -20˚C.  Samples 

are defrosted and digested by addition of 2µl of 10mg/ml Zymolyase 100T 

(#120493, Seikagaku America) and 20µl of Glusulase (#NEE154001EA, 

PerkinElmer) at 30˚C with nutation (Fraction #1 samples digested 15 min while 

Fraction #2 samples digested 30 min).  Digested cells are washed once with 

Buffer KPS (after digestion spin at 2000rpm) and resuspended in ~20-40µl Buffer 

KPS depending on size of pellet.  10µl of cells are applied for 2 min to glass 

slides with wells (ER-267W, Erie Scientific) that have been pre-coated with 0.1% 

poly-L-lysine for 5 min.  Cells are aspirated and slides are plunged sequentially 

into cold methanol for 3 min and 10 sec into cold acetone (methanol and acetone 

were stored at -20˚C).  Wells were washed twice with BSA-PBS (1X PBS with 

10mg/ml BSA) and incubated with 20µl of either anti-HA (MMS-101R, Covance, 

diluted 1:150) or anti-tubulin (NB100-1639, Novus, diluted 1:250) antibody in 
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BSA-PBS for 1.5 hrs in a humid chamber.  Wells were washed 5X with BSA-PBS 

and incubated with 20µl of either anti-mouse TRITC conjugated secondary or 

anti-rat FITC conjugated secondary antibody (715-025-150, 712-095-150, 

Jackson ImmunoReseach, both diluted 1:1000) in BSA-PBS for 2 hrs in a humid 

chamber.  Wells are washed 5X with BSA-PBS and mounted in mounting media 

(1mg/mL phenylenediamine, 40mM K2HPO, 10mM KH2PO4, 150mM NaCl, 0.1% 

NaN3, 50µg/mL DAPI, 5% vectashield, 90% glycerol, pH 8).  Slides are analyzed 

with the Zeiss Axiovert 200M inverted microscope and images were analyzed 

with AxioVision 4.6 software.  For spindle measurements, slides were analyzed 

with the DeltaVision Spectris deconvolution microscope and images were 

analyzed using the softWoRx software suite.   

 

Reverse Transcription Coupled to Quantitative PCR Analysis (RT-QPCR) 

 

Saturated overnight cultures are diluted to OD 0.05 in 25mL of YPD and grown at 

30˚C until OD 0.4-0.5.  Cells are washed with ice-cold water and snap-frozen.  

Pellets are resuspended in 1ml of TRIzol (15596-026, Invitrogen) and 

zirconia/silica beads were added.  Cells were disrupted in a Mini-Beadbeater-8 

by two cycles of disruption at full power for 2.5 min, cooling on ice for 2.5 min 

between each cycle.  Lysates were clarified by centrifugation (13,500rpm for 10 

min at 4˚C) and transferred to a fresh tube.  200µl chloroform was added, 

vortexed, incubated for 10 min at room temperature, and spun at 13,500rpm for 

10 min at 4˚C.  Aqueous phase was treated with 500µl chloroform as above.  
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500µl isopropanol was added to the aqueous phase, incubated for 15 min at 4˚C, 

and spun at 13,500rpm for 10 min at 4˚C.  Pellets are washed with 1ml 75% 

ethanol, dried by speed vac, resuspended in 100µl water, and incubated at 55˚C 

for 1 hr.  40µg of total RNA was diluted in 72 µl of water per replicate (each RNA 

sample was treated in triplicate) and treated with TURBO DNA-free kit (1907, 

Ambion).  Approximately 15µg of total RNA was used for each RT and minus RT 

50µl reaction (50mM Tris-HCl pH8.4, 75mM KCl, 0.5µg/µl dT20N oligonucleotide).  

Reactions were incubated for 10 min at 70˚C and 10 min on ice.  50µl 

enzyme/dNTP mix (50mM Tris-HCl pH8.4, 75mM KCl, 6mM MgCl2, 20mM DTT, 

1mM dNTP, 2X RT) was added to the reactions and were incubated overnight at 

42˚C.  Samples were treated with 2µl of 0.5M EDTA, vortexed, 10µl of 1N NaOH 

was added and incubated for 10 min at 65˚C, and subsequently neutralized with 

10µl of 1N HCl.  cDNA was purified using Zymo DNA Clean & Concentrator 

columns (D4004) and samples were diluted 1:100 for qPCR analysis.  

Sequences of primers used available upon request.   

 

Western Blotting 

 

This protocol was modified from (Benanti et al., 2007).  Cells (6 OD) are collected 

at ~0.7-0.8 OD after growth for at least two doublings.  Cell pellets were washed 

with ice-cold water and flash-frozen with liquid N2 and stored at -80˚C.  Frozen 

cell pellets were resuspended in 240µl of Sample Buffer (50mM Tris pH 7.5, 

5mM EDTA, 5% SDS, 10% glycerol, 0.5% 2-mercaptoethanol, 1:100 dilution of 
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Phosphatase Inhibitor Cocktail 1 and 2 [P2850 and P5726, Sigma], 1:260 dilution 

of Protease Inhibitor Cocktail [P8215, Sigma], 100µM PMSF, bromophenol blue 

for color) preheated to 100˚C and incubated in 100˚C heat block for 3-5 min.  

Approximately 100µl of zirconia/silica beads were added to each tube and cells 

were lysed by beadbeating at full power with Mini-Beadbeater-8 (#693, Bio Spec) 

for 3 min.  Tubes are centrifuged briefly and incubated at 100˚C for 3 min, 

vortexed, and centrifuged at 14K rpm for 10 min.  10µl of supernatant is loaded 

and run on 4-15% Tris-HCI SDS-PAGE gel (#3450029, Bio-Rad) and transferred 

to nitrocellulose for 16 hr (25V at 4˚C) in SDS transfer buffer (20mM Tris base, 

150mM glycine, 0.375% SDS, 20% methanol). Blots are cut below a 28 kDa 

marker in order to simultaneously probe for different primaries and are blocked 

for 30 min with TBST (10mM Tris-HCl pH 8.0, 150mM NaCl, 0.05% Tween 20) + 

5% milk, incubated with either anti-HA (diluted 1:1500), anti-myc 9E10 (sc-40, 

Santa Cruz, diluted 1:2000), or anti-dimeH3K4 (#07-030, Upstate, diluted 1:1000) 

in TBST + 5% milk for 1 hr, washed 5X for 5 min with TBST, incubated with either 

anti-mouse or rabbit HRP secondary (170-6515, 170-6516, Bio-Rad, diluted 

1:5000) in TBST + 5% milk for 30 min, and washed with 5X for 5 min with TBST.  

Blots are visualized by enhanced chemiluminescence substrate (#34080, 

Thermo Scientific) and are stripped and reprobed by anti-Pgk1 antibody to 

control for loading (A6457, Molecular Probes, diluted 1:10000).   
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Chromatin Immunoprecipitation (ChIP) 

 

Cells were grown to mid-log phase (OD ~0.4).  50 ml of cells were fixed with 1% 

formaldehyde at room temperature for 15 min.  Glycine was added to a final 

concentration of 125 mM and samples were incubated at room temperature for 5 

min.  Cells were washed twice with TBS (20mM Tris-HCl pH 7.6, 150mM NaCl), 

collected by centrifugation and snap-frozen.  Pellets were resuspended in 500 µl 

of lysis buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 0.1% sodium deoxycholate) with 1:260 Sigma Protease Inhibitor Cocktail) 

and zirconia/silica beads were added.  Cells were disrupted in a Mini-

Beadbeater-8 by five cycles of disruption at full power for 1 min, cooling on ice for 

2 min between each cycle.  The lysate was collected.  The pellet containing 

chromatin was separated by centrifugation and resuspended in 300µl lysis 

buffer.  Sonication was performed using a waterbath sonicator (Bioruptor) set to 

cycle at 30 sec on and 1 min off for 30 min.  Cell debris was removed by 

centrifugation at 14,000rpm for 10 min.  1 µl of anti-HA antibody was added to 

each sample and the mixture was nutated at 4ºC for 2 hr.  Protein G Sepharose 

(#17-0618-01, GE Healthcare) was washed 3X in PBS and 2X in lysis buffer.  20 

µl of washed beads were added to each sample.  After 1.5 hr at 4ºC the beads 

were washed 2X with lysis buffer, 2X with high salt lysis buffer (50 mM HEPES 

pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate), 2X with wash buffer (10 mM Tris-HCl pH 8.0, 250 mM LiCl, 0.5% 

NP-40, 0.5% sodium deoxycholate, 1 mM EDTA) and once with TE pH 8.0.  100 
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µl of elution buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS) was added 

and the samples were incubated at 65ºC for 15 min.  The eluate was collected by 

centrifugation.  The beads were washed with TE + 0.67% SDS + proteinase K 

and the supernatant was added to the eluate from the previous step and 

incubated at 65ºC overnight.  DNA was purified using Qiagen PCR purification 

columns.  RNAse A was added to the purified DNA and the samples were 

incubated at 37ºC for 1 hr.  Samples were subjected to quantitative PCR analysis 

(primers used were from [62]). 

 

FACS analysis 

 

2.5ml cells were collected in 10 min intervals after alpha-factor arrest as 

described above.  Cells were pelleted and resuspended in 5ml of 70% ethanol to 

fix overnight at 4˚C.  Samples are washed twice in 750µl of 50mM Tris-HCl pH 8 

with 5mM EDTA.  Cells are resuspended in 500µl of RNase A solution (2mg/ml 

RNase [R5503, Sigma], 50mM Tris-Cl pH8, 5mM EDTA previously boiled for 15 

min and cooled to room temperature on the bench) and incubated for 4 hours at 

37˚C.  Cells are pelleted, resuspended in 200µl of Pepsin solution (5mg/ml 

Pepsin [P7000, Sigma] in 55mM HCl), and incubated for 20 min at 37˚C.  

Samples are washed once in 750µl of 50mM Tris-HCl pH 7.5 with 5mM EDTA 

and resuspended in 500µl of the same buffer.  50µl of cells added to 1mL of 

Sytox solution (1µM Sytox Green [S7020, Molecular Probes], 50mM Tris-HCl pH 

7.5, 5mM EDTA) and are sonicated to break up cell clumps (Branson 450 
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Sonifier).  Samples are incubated overnight at 4˚C and analyzed the next day by 

flow cytometry with the BD FACSCalibur system.   
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Figure 1.  Regulation of Cdc14 release by the MEN and FEAR network. 

See Introduction for description.  
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Figure 2.  Mutants unable to ubiquitinate histone H2B-K123 display growth 

and Cdc14 release defects when combined with MEN mutants. 

(A) Genetic interaction of the bre1∆ and htb1-K123R htb2-K123R mutations with 

the lte1∆ mutation.  Shown is the growth on 5-FOA and SD –Ura minimal media 
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of five-fold serial dilutions of strains of the indicated genotype that initially 

harbored an URA3-marked centromeric plasmid encoding LTE1.  Plates were 

incubated for 3 days at 30°C.  See Materials and methods for details.  (B) 

Representative images from Cdc14 release assay.  Cells are assayed for spindle 

morphology and Cdc14 release phenotype by indirect immunofluorescence with 

anti-tubulin or anti-HA, which recognizes the HA-tagged version of Cdc14 in all 

strains.  Cells are visualized by nuclear staining with 4',6-diamidino-2-

phenylindole (DAPI) and by differential interference contrast (DIC) optics for 

comparison.  No release refers to dense nucleolar staining of Cdc14-HA, full 

release refers to cells with uniform Cdc14-HA localization throughout the 

nucleus, while partial release refers to cells with both nuclear and residual 

nucleolar staining.  (C) Time course analysis.  The temporal profile of Cdc14 

release from nucleolar sequestration is displayed for cdc15-2 mad1∆ mutants 

harboring either no additional mutation, bre1∆, htb1-K123R htb2-K123R, or 

spo12∆ bns1∆ mutations.  Alpha-factor arrested cells are released into YPD 

media at 37˚C to inactivate the cdc15-2 mutant gene product and timepoints are 

processed for indirect immunofluorescence as described in Figure 2B.  

Approximately 200 cells were scored for each timepoint for metaphase or 

anaphase spindles and for full or partial release of Cdc14-HA.  (D) Time course 

analysis.  Cell cycle progression of mad1∆, mad1∆ bre1∆, and mad1∆ slk19∆ 

mutants arrested and released from alpha-factor arrest was measured by scoring 

~200 cells from each timepoint for anaphase spindles by indirect 

immunofluorescence.   
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Figure 3.  Changes in expression and chromatin association of mitotic exit 

regulators do not explain Cdc14 release defects in bre1∆ mutants. 

(A) Reverse transcription coupled to quantitative PCR analysis (RT-QPCR) of 

known mitotic exit regulators.  Levels of cDNA generated from RT reactions of 

wildtype and bre1∆ total RNA were measured by QPCR.  The data presented 

represent triplicate samples for each strain and are normalized to ACT1 levels.  

Reactions were performed without RT (-RT) to establish background DNA 
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contamination.  BFA1, the lowest level transcript, was enriched 15 fold over the –

RT control (data not shown).  (B) Western blots of epitope-tagged regulators of 

Cdc14 release.  Cdc15, Fob1, Cfi1/Net1, Tpd3 and Cdc55 were tagged with 

3xHA while Slk19 and Spo12 were tagged with 4xmyc and 13xmyc, respectively.  

The blots were cut into two parts to simultaneously probe for the epitope tag on 

the upper part and with anti-dimeH3K4 on the lower to demonstrate loss of 

BRE1.  The upper blots were stripped and reprobed with anti-Pgk1 to control for 

loading. (C) Chromatin immunoprecipitation of HA tagged Cdc14, 3xHA tagged 

Cfi1/Net1, and 3xHA tagged Fob1 in wild type and bre1∆ mutant backgrounds.  

The numbers on the x-axis refer to primer pairs used to amplify the 

immunoprecipitated samples corresponding to locations at the rDNA locus as 

depicted in the schematic below and from (Huang et al., 2006).  Quantitative 

PCR values from rDNA primer sets are normalized to values from a control 

primer set located within the open reading frame (ORF) of BUD3.  Dotted lines 

separate the primer pairs corresponding to different regions of the rDNA locus.  

Bottom panel:  NTS 1 and 2 = non-transcribed spacer regions 1 and 2.  RFB = 

replication fork block.  5S, 5.8S, 18S, 25S = rDNA open reading frames.   
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Figure 4.  Genetic interaction and Cdc14 release profile of histone H3 

methylase mutants combined with MEN mutants. 

(A) Genetic interactions of set1∆, dot1∆, set2∆, set1∆ dot1∆, and set1∆ set2∆ 

mutations with the lte1∆ mutation.  Strains were assayed as in Figure 2A. (B) and 

(C) The temporal profile of Cdc14 release from nucleolar sequestration is 

displayed for strains of the indicated genotypes.  Time courses were performed 

as described in Figure 2C. 



 107 

 



 108 

Figure 5.  Genetic interaction and Cdc14 release profile of histone 

deacetylase mutants combined with MEN mutants. 

(A) Genetic interactions of the sir2∆, hda1∆, and rpd3∆ mutations with the lte1∆ 

mutation.  Strains were assayed as in Figure 2A.  (B) Time course analysis. The 

temporal profile of Cdc14 release from nucleolar sequestration is displayed for 

strains of the indicated genotypes.  Time courses were performed as described 

in Figure 2C. 
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Figure 6.  Sir2 is not responsible for Cdc14 release defects of htb1-K123R 

htb2-K123R and FEAR network mutants. 

(A) Time course analysis. The temporal profile of Cdc14 release from nucleolar 

sequestration is displayed for strains of the indicated genotypes.  Time courses 

were performed as described in Figure 2C. 
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Figure S1.  Synthetic lethal interactions between bre1∆, rad6∆ and lge1∆ 

can be suppressed by deletion of BUB2. 

Diploid strains heterozygous for lte1∆, bub2∆, and either the bre1∆, rad6∆ or 

lge1∆ mutations are sporulated and analyzed by tetrad dissection.  The red 

circles refer to spores that are predicted by the genotypes of the other spores in 

the tetrad to be double mutants of lte1∆ with bre1∆, rad6∆, or lge1∆.  The blue 

circles refer to spores that are triple mutants for lte1∆ and bub2∆ in combination 

with bre1∆, rad6∆ and lge1∆.  Spores that are missing without a red circle are 

predicted to be lte1∆ single mutants, which appear to have sporadic viability or 

germination issues.  
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Figure S2.  Cdc14 release profile of cdc15-2 mad1∆ and cdc15-2 mad1∆ 

bre1∆ mutants by measuring spindle length.  

The profile of Cdc14 release from nucleolar sequestration is displayed for cdc15-

2 mad1∆ and cdc15-2 mad1∆ bre1∆ mutants as a function of the spindle length 

of each individual cell.  Alpha-factor arrested cells are released into YPD media 

at 37˚C to inactivate the cdc15-2 mutant gene product and the 90 minute (for 

cdc15-2 mad1∆) and 110 minute (for cdc15-2 mad1∆ bre1∆) timepoints are 

processed for indirect immunofluorescence as described in Figure 2B.  

Approximately 125-150 cells were quantified for each strain for spindle length 

measurements and for full or partial release of Cdc14-HA. 
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Figure S3.  Cell cycle progression of cdc15-2 mad1∆ and cdc15-2 mad1∆ 

bre1∆ mutants. 

The DNA content profile of cdc15-2 mad1∆ and cdc15-2 mad1∆ bre1∆ mutants 

released from alpha-factor arrest are measured by flow cytometry. Alpha-factor 

arrested cells are released into YPD media at 37˚C to inactivate the cdc15-2 

mutant gene product.  Samples taken at 10 minute intervals are fixed with 70% 

ethanol.  20,000 cells were measured for each timepoint for 1C or 2C DNA 

content by measurement of fluorescence from SYTOX incorporation.  Profiles 

labeled in blue are timepoints that are undergoing transition from G1 to G2 

content. 
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APPENDIX A 

Generation of Sir2 Lysine Mutants 
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 From our results detailed in Chapter 3, we hypothesized that Bre1 

potentially mediates its anti-silencing function by directly modulating the activity 

of the silencing machinery of the yeast cell, the Sir complex.  Given that Bre1 is 

an E3 ubiquitin ligase, the most likely possibility is through direct ubiquitination of 

the Sir proteins, likely with the assistance of Lge1 since it is also required for the 

ubiquitination of histone H2B and displays an anti-silencing phenotype. To test 

this hypothesis, we first tested whether or not the Sir proteins were indeed 

ubiquitinated.  To do this, we employed a technique using a plasmid-encoded 

inducible version of mutant ubiquitin (Ub) that is tagged with 6xHis-myc epitope 

(pUb223 – Gift from Dan Finley).  This mutant version has two mutations to 

stabilize Ub-substrate populations; one at lysine 48 to eliminate the addition of 

another Ub and terminate chain elongation to prevent polyubiquitination and 

degradation of the substrate and another at glycine 76 to decrease the ability of 

ubiquitin proteases to recognize and cleave this mutant Ub.  By induction of this 

tagged mutant Ub, proteins that are modified with this mutant tagged Ub can be 

purified under denaturing conditions by binding to Ni-NTA beads.  These proteins 

can be separated on an SDS-PAGE gel and be probed with an antibody to your 

protein of interest to visualize Ub conjugates.  We profiled the Sir proteins using 

this technique and observed ubiquitination of all the Sir proteins (data not 

shown).  When we assayed for Sir2 ubiquitination (Ub-Sir2) in a bre1∆ mutant, 

however, there appeared to be a decrease in levels of Ub-Sir2, suggesting that 

Bre1 can affect the ubiquitination status of Sir2 (data not shown).  
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 Given this result, we wanted to pinpoint the exact site of ubiquitination so 

to address whether or not mutation of this site would phenocopy the increase in 

silencing observed for bre1∆.  We devised a strategy to systematically mutate all 

the 49 lysine residues in Sir2 by using site directed mutagenesis.  The starting 

template was the SIR2 gene fused to the TAP (tandem affinity purification) tag 

coding sequence on a pRS413-CEN plasmid and driven by the inducible pGAL 

promoter to control expression (pRS413-pGAL-SIR2-TAP).  Three primers were 

used per reaction to generate 1-5 mutations per reaction depending on the 

proximity of the lysines (mut1-26 in Table 1).  When these mutants were assayed 

for their ubiquitination status, we were unable to identify any mutants that had 

substantial decreases in ubiquitination (data not shown).  This is perhaps not 

surprising given that ubiquitination have been previously characterized to be 

promiscuous, suggesting that there were multiple targets for ubiquitination in 

Sir2.    

 To address the possibility of redundant sites, we devised a strategy to 

analyze the ubiquitination status of Sir2 mutants that had lysines mutated in 5 

separate regions.  Mutations were added to the mutant plasmids listed earlier 

until all the lysines on Sir2 except four were mutated on five separate plasmids 

covering different sections of Sir2 (domain-mut1-5).  These mutated sections 

were amplified by PCR primers containing homology to its adjacent section and 

then combined together by recombination to generate larger C-terminal domain 

mutants (domain-mut6 and 7) and a mutant missing all but four lysines (45KR).  

Finally, the last four lysines were mutated to generate Sir2 that had no lysines 



 116 

(49KR).  We were surprised when this mutant still showed residual ubiquitination 

(Figure 2A) but realized that there were still lysine residues in the TAP tag that 

was subject to ubiquitination.  When we switched the TAP tag for a 3xHA tag that 

contained no lysines, the ubiquitination of Sir2 was finally abrogated (Figure 2A).  

Unfortunately, when the Sir2 domain mutants were reassayed with the 3xHA tag, 

no significant changes in Sir2 ubiquitination was observed for any of the mutants 

except for the 45KR mutant, which still had significant levels of ubiquitination 

(Figure 2C).  This evidence provided further evidence for the promiscuity of the 

ubiquitination of Sir2 and suggested that dissection and linking of phenotypes to 

these mutants would be difficult.   

 It was possible that the ubiquitination decrease that we observed earlier 

for Sir2-TAP in bre1∆ mutants were due to Bre1 targeting the lysines in the TAP 

tag.  To address this, we used our new Sir2-3xHA plasmid to compare Sir2 

ubiquitination status in wildtype, bre1∆, rad6∆, and ubp10∆ strains (Figure 2B).  

Unfortunately, we were not able to reproduce consistently the decrease in Sir2 

ubiquitination observed previously in bre1∆ mutants.  The most likely explanation 

was the fact that there was a decrease in overall assayed Sir2 levels in bre1∆ 

and rad6∆ mutants (see bottom panel in Figure 2B) that could have led to the 

decrease in the ubiquitinated Sir2 population assayed earlier.  This could 

possibly be caused by defects in GAL promoter activation in bre1∆ and rad6∆ 

mutants.  Alternatively, the changes we saw earlier could be due to the 

ubiquitination of the TAP tag by Bre1.  Therefore, the effect on Bre1 on Sir2 

ubiquitination remains unclear and requires more rigorous testing.   
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 Interestingly, we detected a reproducible increase in ubiquitination of Sir2 

in ubp10∆ mutants (Figure 2B).  This is intriguing result given the microarray 

phenotypes we observed in Chapter 3 and the fact that Ubp10 is localized to the 

telomeres and interacts with Sir4 (Emre et al., 2005; Kahana and Gottschling, 

1999).  It would be interesting in the future to test the Sir2 domain mutants in an 

ubp10∆ mutant background to see if any of the mutants are unable to increase 

Sir2 ubiquitination, suggesting possible lysines that are targeted by Ubp10.  In 

addition, the Sir2 ubiquitination observed in our experiments could be due to the 

overexpression of Sir2 and this non-physiological ubiquitination could be masking 

the endogenous and relevant Sir2 ubiquitination.  We have performed some 

preliminary experiments with Sir2-3xHA driven by its endogenous reporter (Table 

1) but have had difficulties in detecting the ubiquitination of this construct (data 

not shown).  Larger scale experiments with more material would be required to 

address this hypothesis.  Lastly, these mutants can be screened for other Sir2 

phenotypes to see if there are any phenotypes that can be attributed to specific 

lysine residues and thus be targeted for future studies.  
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Table 1.  List of Sir2 Mutant Plasmids Generated.   

The details on plasmid construction are described in the text.  Mixed population 

for pRS413-pGAL-sir2-mut11-TAP, pRS413-pGAL-sir2-domain-mut3-TAP, and 

pRS413-pGAL-sir2-domain-mut3-3xHA refers to a mixed population of plasmids 

in the particular strain with and without the mutation indicated.   
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Figure 1.  Distribution of Lysine Mutations in sir2 Mutant Constructs. 

Displayed are the locations of all the lysine to arginine mutations in the each sir2-

domain mutant construct.  The red ‘K’s represent the location of wildtype lysine 

residues while the corresponding missing space in the mutants represents the 

lysine to arginine mutations.  The blue ‘K’s represent the lysines that were not 

mutated in the 45KR mutant.  The numbers above the constructs refer to the 

amino acid of Sir2 the lysines at the border the mutated domain correspond to.  
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Figure 2.  Analysis of Sir2 Ubiquitination.  

(A) Ubiquitination of Gal-overexpressed Sir2-TAP, sir2-K45R-TAP, and sir2-

K49R-TAP in YM3678 with the corresponding plasmid and analyzed as 

described in the text.  Western visualized by anti-TAP antibody generously 

donated by the Weissman lab.  Note the shift in mobility of the sir2-K45R-TAP 

and sir2-K49R-TAP mutants compared to Sir2-TAP, probably due to change in 

protein charge with less lysines.  (B) Ubiquitination of Gal-overexpressed Sir2-

3xHA and sir2-K49R-3xHA in YM3678, YM3679, YM3680, and YM3681 with the 

corresponding plasmid and analyzed as described in the text.  Top panel marked 

“Elu” refer to Western blot of gels with samples after binding to Ni-NTA beads 

while “WCE” refer to Western blot of gels with whole cell extract (WCE) samples. 

Westerns were visualized by anti-HA.  (C) As in Figure 2B but with YM3678 

harboring the mutant sir2-3xHA plasmid corresponding to the label.
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APPENDIX B 

Strains and Plasmids Used in These Studies 
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Table 1 - List of strains used in Chapter 2  
Strain # Genotype Source 

YM1736 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 can1∆::MFApr-
HIS3-MFx1pr-LEU2 This study 

YM1737 YM1736 htz1∆::NatMX4 This study 
YM1738 MATa htz1∆::NatMX4 his3∆1 leu2∆0 ura3∆0 lys2∆0 This study 
YM1739 MATa rad6∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1740 MATa bre1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1741 MATa lge1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1742 MATa ubr1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1743 MATa rad18∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1744 MATa rad5∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1745 MATa swi41∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1746 MATa sfp1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1747 MATa swd3∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1748 MATa set1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 This study 
YM1749 YM1738 x YM1739 This study 
YM1750 YM1737 x YM1740 This study 
YM1751 YM1737 x YM1741 This study 
YM1775 MATa dot1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 

Y131 MATa hta1-htb1∆::LEU2 hta2-htb2∆ leu2 ura3 his3 trp1 ade2 + 
pRS426-HTA1-HTB1 M. A. Osley 

Y133 MATa hta1-htb1∆::LEU2 hta2-htb2∆ leu2 ura3 his3 trp1 ade2 + 
pRS426-HTA1-htb1-K123R M. A. Osley 
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Table 2 - List of strains used in Chapter 3  
YM1740 MATa bre1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1741 MATa lge1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 Res. Genetics 
YM1768 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 This study 

YM1776 MATa dot1∆::KanMX4  set1∆::HISMX6 his3∆1 leu2∆0 ura3∆0 
met15∆0 This study 

YM3675 YM1740 sir2∆::NatMX4 This study 

Y131 MATa hta1-htb1∆::LEU2 hta2-htb2∆ leu2 ura3 his3 trp1 ade2 + 
pRS426-HTA1-HTB1 M. A. Osley 

Y133 MATa hta1-htb1∆::LEU2 hta2-htb2∆ leu2 ura3 his3 trp1 ade2 + 
pRS426-HTA1-htb1-K123R M. A. Osley 



 128 

Table 3 - List of strains used in Chapter 4  
Strain # Genotype Source 

A2853 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 
mad1::URA3 CDC14-3HA A. Amon  

A4300 A2853 cdc15-2 A. Amon  
A4302 A2853 slk19∆::KanMX6 A. Amon  
A4304 A4300 slk19∆::KanMX6 A. Amon  
YM1740 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 bre1∆::KanMX4 Res. Genetics 
YM1768 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 This study 

YM2587 

MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15  
lys2∆0/LYS2 lte1∆::HygMX4/LTE1 bre1∆::KanMX4/BRE1 
bub2∆::NatMX4/BUB2 

This study 

YM2588 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/LYS2 lte1∆::HygMX4/LTE1 
rad6∆::KanMX4/RAD6 bub2∆::NatMX4/BUB2 

This study 

YM2589 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/LYS2 lte1∆::HygMX4/LTE1 
bre1∆::KanMX4/BRE1 bub2∆::NatMX4/BUB2 + pRS316-LTE1 

This study 

YM2590 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/LYS2 lte1∆::HygMX4/LTE1 
lge1∆::KanMX4/LGE1 bub2∆::NatMX4/BUB2 

This study 

YM2601 A2853 bre1∆::NatMX4 This study 
YM2602 A4300 bre1∆::NatMX4 This study 

YM2858 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 SLK19-
13myc::KanMX6 This study 

YM2924 

MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/lys2∆0 lte1∆::HygMX4/LTE1 htb1-
K123R::NatMX4/HTB1 htb2-K123R::HISMX6/HTB2 + pRS316-
LTE1 

This study 

YM2927 A4300 htb1-K123R::NatMX4 htb2-K123R::HISMX6 This study 
YM3144 A4300 dot1∆::NatMX4 This study 
YM3145 A4300 set1∆::NatMX4 This study 

YM3179 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 NET1-
3HA::KanMX6 This study 

YM3180 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 FOB1-
3HA::KanMX6 This study 

YM3205 YM3179 bre1∆::NatMX4 This study 
YM3206 YM3180 bre1∆::NatMX4 This study 

YM3208 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 SPO12-
13myc::KanMX6 This study 

YM3209 YM3208 bre1∆::NatMX4 This study 
YM3316 A4300 spo12∆::NatMX4 bns1∆::HygMX4 This study 

YM3398 
MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 
mad1::URA3 CDC14-3HA hht1-hht1∆::NatMX4 hht2-hht2∆::TRP 
cdc15-2::KanMX6 + pJW028 (ADE2-CEN-HHT2-HHF2) 

This study / J. 
Wyrick 

YM3399 
MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 
mad1::URA3 CDC14-3HA hht1-hht1∆::NatMX4 hht2-hht2∆::TRP 
cdc15-2::KanMX6 + pAM006 ((ADE2-CEN-hht2-K4,79R-HHF2) 

This study / J. 
Wyrick 

YM3422 A4300 sir2∆::HygMX4 This study 
YM3423 YM2927 sir2∆::HygMX4 This study 
YM3424 A4304 sir2∆::HygMX4 This study 
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Table 3 (Continued)  
YM3427 YM3316 sir2∆::KanMX6 This study 
YM3446 A4300 set2∆::NatMX4 This study 

YM3447 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/lys2∆0 lte1∆::HygMX4/LTE1 
rpd3::NatMX4/RPD3 + pRS316-LTE1 

This study 

YM3461 A4300 rpd31∆::NatMX4 This study 
YM3462 A4300 hda1∆::NatMX4 This study 

YM3463 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/lys2∆0 lte1∆::HygMX4/LTE1 
hda1::NatMX4/HDA1 + pRS316-LTE1 

This study 

YM3476 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/LYS2 set1∆::HisMX4/SET1 
set2∆::KanMX4/SET2 lte1∆::NatMX4/LTE1 + pRS316-LTE1 

This study 

YM3477 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/LYS2 set1∆::HisMX4/SET1 
dot1∆::KanMX4/DOT1 lte1∆::NatMX4/LTE1 + pRS316-LTE1 

This study 

YM3482 
MATa/α  his3∆1/his3∆1 leu2∆0/leu2∆0 ura3∆0/ura3∆0 
met15∆0/MET15 lys2∆0/LYS2 lte1∆::HygMX4/LTE1 
bre1∆::KanMX4/BRE1 sir2∆::NatMX4/SIR2 + pRS316-LTE1 

This study 

YM3484 YM2858 bre1∆::NatMX4 This study 

YM3486 MATa, ade2-1 leu2-3,112 ura3-1 trp1-1 his3-11 can1-100 
bar::hisG CDC15-3HA D. Morgan 

YM3487 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 CDC55-
3HA::KanMX6 This study 

YM3489 MATa, ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 TPD3-
3HA::KanMX6 This study 

YM3494 YM3487 bre1∆::NatMX4 This study 
YM3496 YM3489 bre1∆::NatMX4 This study 
YM3498 YM3486 bre1∆::NatMX4 This study 

YM3500 MATa his3∆1 leu2∆0 ura3∆0 MET15 LYS2 lte1∆::HygMX4 
bre1∆::KanMX4 + pRS316-LTE1 This study 

YM3501 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 bre1∆::KanMX4 + 
pRS316-LTE1 This study 

YM3502 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 lte1∆::HygMX4 + 
pRS316-LTE1 This study 

YM3503 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 + pRS316-LTE1 This study 

YM3504 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 lte1∆::HygMX4 htb1-
K123R::NatMX4 htb2-K123R::HISMX6 + pRS316-LTE1 This study 

YM3505 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 htb1-
K123R::NatMX4 htb2-K123R::HISMX6 + pRS316-LTE1 This study 

YM3506 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 LYS2 dot1∆::KanMX4 
lte1∆::NatMX4 set1∆::HISMX6 + pRS316-LTE1 This study 

YM3507 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 LYS2 dot1∆::KanMX4 
set1∆::HISMX6 + pRS316-LTE1 This study 

YM3508 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 LYS2 lte1∆::NatMX4 
set1∆::HISMX6 + pRS316-LTE1 This study 

YM3509 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 dot1∆::KanMX4 
lte1∆::NatMX4 + pRS316-LTE1 This study 

YM3510 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 set1∆::HISMX6 + 
pRS316-LTE1 This study 
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Table 3 (Continued)  

YM3511 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 LYS2 dot1∆::KanMX4 + 
pRS316-LTE1 This study 

YM3513 MAT? his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 sir2∆::NatMX4 
lte1∆::HygMX4 + pRS316-LTE1 This study 

YM3514 MAT? his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 sir2∆::NatMX4 + 
pRS316-LTE1 This study 

YM3515 MATa his3∆1 leu2∆0 ura3∆0 MET15 LYS2 set2∆::KanMX4 
lte1∆::NatMX4 set1∆::HISMX6 + pRS316-LTE1  This study 

YM3516 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 set2∆::KanMX4 
set1∆::HISMX6 + pRS316-LTE1 This study 

YM3517 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 lte1∆::NatMX4 
set1∆::HISMX6 + pRS316-LTE1 This study 

YM3518 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 set2∆::KanMX4 
lte1∆::NatMX4 + pRS316-LTE1 This study 

YM3519 MATa his3∆1 leu2∆0 ura3∆0 MET15 LYS2 set2∆::KanMX4 + 
pRS316-LTE1 This study 

YM3520 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 lte1∆::HygMX4 
rpd3∆::NatMX4 + pRS316-LTE1 This study 

YM3521 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 rpd3∆::NatMX4 + 
pRS316-LTE1 This study 

YM3522 MATa his3∆1 leu2∆0 ura3∆0 MET15 lys2∆0 lte1∆::HygMX4 
hda1∆::NatMX4 + pRS316-LTE1 This study 

YM3523 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 hda1∆::NatMX4 + 
pRS316-LTE1 This study 
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Table 4 - List of strains used in Appendix A  
Strain # Genotype Source 

YM3678 MATa his3∆1 leu2∆0 ura3∆0 met15∆0 lys2∆0 trp1::URA3 + 
pUb223 (TRP1-2µ-pCUP1::6HIS-myc-Ub-K48R-G76A) This study 

YM3679 MATa bre1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 trp1::URA3 
+ pUb223 (TRP1-2µ-pCUP1::6HIS-myc-Ub-K48R-G76A) This study 

YM3680 MATa bre1∆::KanMX4 his3∆1 leu2∆0 ura3∆0 met15∆0 trp1::URA3 
+ pUb223 (TRP1-2µ-pCUP1::6HIS-myc-Ub-K48R-G76A) This study 

YM3681 YM3678 ubp10∆::KanMX4 This study 
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