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ABSTRACT 

GLC7 is an essential gene in Saccharomyces cerevisiae that encodes the 

catalytic subunit of protein phosphatase-1.  The Glc7 protein regulates diverse 

cellular processes including mitosis.  We have identified a Glc7 pathway that 

controls cell division; however, the components of this pathway are not fully 

understood.  Glc7 is conditionally activated by phospho-Glc8, which is 

phosphorylated by the cyclin dependent kinase, Pho85, associated with Pcl6 and 

Pcl7 (two of its ten cyclins).  Our knowledge about these two cyclins is limited.  

Therefore, our goal was to determine the input(s) that regulate Pcl6 and Pcl7.  

This will provide us with valuable information about the conditional activation of 

Glc7 by phospho-Glc8.   

We determined Pcl6 to be more stable  (t ½ = 8.4 hr. ± 1.2) than Pcl7 (t ½ = 

52 min ± 7).  We confirmed and discovered that not only does Elongin C (Elc1) 

stabilize Pcl6, but it also stabilizes Pcl7 as well.  A null mutation of elc1 

compromises the in vivo function of Pcl6 and Pcl7 in cell growth and in DNA 

damage response to 4-nitroquinoline oxide (4-NQO).  Since Elc1 is found in two 

complexes that function in nucleotide excision repair pathway (NEF4 and Ela1 
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containing complex), we hypothesized the Pcl6 and Pcl7 levels are induced by 

DNA damage and are controlled by the Elc1 containing complexes.  We tested 

our hypothesis by studying the stability of the both cyclins in NER mutants and 

we discovered that the NEF4 and a non-Elc1 containing complex, NEF2, control 

the stability of both cyclins.  Furthermore, the Ela1 containing complex does not 

have a significant effect on the stability of both cyclins since the deletion of ela1 

did not compromise the in vivo function of Pcl6 and Pcl7.   

The NEF4 functions as an E3 ubiquitin ligase and have been speculated 

to interact with Rad23, since its substrate Rad4, physically interact react with 

Rad23 and forms the NEF2 complex.  We propose that, in the presence of DNA 

damage, the main effector kinase of the DNA damage response pathway, 

activates the NEF4 and NEF2 via phosphorylation and consequently stabilize 

Pcl6 and Pcl7 by targeting the Pcl6 and Pcl7 ubiquitin ligases for destruction.  

Hence both cyclins become stable to function in cell recovery from the DNA 

damage.  Our data supports this hypothesis by revealing that DNA damage 

increases the levels of both cyclins.  The level of Pcl6 is regulated post-

translationally, unlike Pcl7, which is regulated transcriptionally upon DNA 

damage.  We also show that both cyclins function in cell response to 4-NQO 

DNA damage and cell growth. 

In summary, our data reveal that two of the NER complexes, NEF4 and 

NEF2, both regulate the stability of Pcl6 and Pcl7, indicating that DNA damage 

regulates both cyclins.  Hence, DNA damage is an input that controls the 

conditional activation of Glc7 by phospho-Glc8. 
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ABREVIATION LIST 

 
BER:  Base excision repair pathway, one of the DNA repair mechanisms in yeast 

that repair.  It removes non-bulky base adducts which occurs 

spontaneously in the cell. 
 
Cdc28: Cell division control protein 28.  It is the essential Cdk that controls the 

progression and timing of the cell cycle events in the yeast cell cycle by 

forming an active complex with cyclin partners Cln1, Cln2, Cln3, Clb1, 

Clb2, Clb3, Clb4, Clb5 or Clb6. 

 

Cdk:  Cyclin dependent protein kinase.  Cdks are activated by cyclins. 

 

CS:  Cockayne syndrome, a rare inherited recessive disorder caused by a 

mutation in the CSA or CSB genes.  It is characterized by short stature or 

dwarphism, the appearance of premature aging and dysmyelination.  

Associated with defect in transcription coupled nucleotide excision repair.   

 
Ela1:  Elongin A, F-box protein that forms a heterodimer with Elc1 and is 

required for ubiquitin-dependent degradation of the RNA Polymerase II 

subunit RPO21; subunit of the Elongin-Cullin-Socs (ECS) ligase complex 

 
Elc1:  Elongin C, involved in transcription elongation as a heterodimer with Ela1; 

required for ubiquitin-dependent degradation of Rpo21; plays a role in 

global genomic nucleotide excision repair. 

 

E1:     Ubquitin activating enzyme or UBA 

 
E2:     Ubiquitin conjugating enzyme or UBC 
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E3:    Ubiquitin ligase enzymes.  Examples include Anaphase promoting complex 

(APC), NEF4 (Nucleotide excision repair factor 4) and SCF (Skp1, 

Cdc53/cullin- F-box protein such as Cdc4 or Grr1) complex. 

 

GG-NER:  Global genome nucleotide excision repair.  Required to remove 

lesions over the entire genome. 

 
Glc7:  Type 1 protein phosphatase in budding yeast Saccharomyces cerevisiae 

(S. cerevisiae) also known as PP1, which has a diverse role in yeast 

physiology including glycogen metabolism and mitosis.  

 
Glc8:  One of the non-catalytic regulatory subunits of Glc7.  Glc8 encodes a   

homolog of mammalian inhibitor-2. 

 
NEF2:  Nucleotide excision repair factor 2, a protein complex in the NER 

pathway, which consists of Rad23 and Rad4. 

 

NEF4:  Nucleotide excision repair factor 4, an E3 ubiquitin ligase protein complex 

consisting of Rad16, Rad17 and Elc1 responsible for scanning the DNA 

strand to detect DNA lesion in the NER pathway. 

 
NER:  Nucleotide Excision Repair pathway which repairs bulky DNA adducts 

caused by alkylating chemicals such as 4-NQO (4-nitroquinoline oxide) 

 
Pho4:  Transcriptional activator of PHO5 
 

PHO5:  Encodes repressible acid phosphatase 

 

Pho81: Pho85 inhibitor. 

 

 x



Pho85:  A non-essential Cdk in yeast that was first discovered due to its role in 

phosphate metabolism.  Its cyclin partners are Pho80, Clg1, Pcl1, Pcl2, 

Pcl5, Pcl6, Pcl7, Pcl8, Pcl9 and Pcl10.  Its mammalian homolog Cdk5, 

functions in neuronal development. 

 
RPA: Replication Protein A, a highly conserved single-stranded DNA binding 

protein involved in DNA replication, repair, and recombination. 

 
Sic1:  An inhibitor of the Clb-Cdc28 kinase complex. 

 
TC-NER:  Transcriptional-coupled nucleotide excision repair.  Removes 

transcription-blocking lesions present in the transcribed DNA strand. 

 

TTD:  Trichothiodystrophy, a recessive inherited disease that share several 

symptoms with CS but with additional features of brittle hair, nails and 

scaly skin. It is caused by mutations in either XPD or XPB genes. 

 
VHL:  Von Hippel Lindau, protein subunit of an E3 ubquitin ligase complex with 

Elongin B and Elongin C. 

 
XP:  Xeroderma pigmentosum, a recessive disorder characterized by severe 

photosensitivity.  It is caused by a mutation in one of seven genes (XPA-

XPG). 

 
 

** Yeast genotypes in lower case italics indicate a mutation in the gene. 

 

**Genotype names capitalized and italicized indicate a wild type gene 
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Chapter 1: 

Introduction and Background 

Glc7/PP1 

Protein function in eukaryotes involves the reversible phosphorylation 

of protein residues.  Cellular processes including chromosome segregation in 

different organisms involve the phosphorylation and dephosphorylation of 

serine and threonine residues (Cohen et al. 1989).  The budding yeast, 

Saccharomyces cerevisiae, is an excellent system for studying the control of 

chromosome segregation.  The major structural and mechanistic aspects of 

chromosome segregation are largely conserved between yeast and higher 

eukaryotes.   

The GLC7 gene encodes the catalytic subunit of protein phosphatase-

1 (PP1) in the budding yeast, S. cerevisiae.   Glc7 is essential for yeast cell 

viability due to its role in mitosis.  In mitosis, Glc7 ensures proper 

chromosome segregation, by dephosphorylating the kinetochore proteins to 

ensure bipolar attachment of the microtubules to the kinetochore of the 

chromosomes.  Upon bipolar attachment of the microtubules to the 

kinetochore, the cells then transition from metaphase to anaphase, where a 

complete set of chromosomes segregate faithfully to each of the two progeny 

cells.  Errors in chromosome segregation result in aneuploidy, which often 

causes cell death and is implicated in oncogenesis and birth defects in 

humans.  Over expression of Glc7 leads to chromosome gain, which is toxic 

to the cells (Francisco et al. 1994; Black et. al. 1995).  Absence of Glc7/PP1 
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results in a mitotic arrest in metaphase (Stark et al. 1996).  Also, a PP1 

mutation in mammals targets the integrity and function of multiple mitotic 

structures such as the spindle (Bloecher and Tachell 1999).  Thus the 

function of the proteins involved in chromosome segregation must be tightly 

regulated.   

Other non-essential roles of Glc7 include glycogen metabolism and 

glucose repression (Cannon et al. 1994; Zhang et al. 1995).  Glc7 was 

originally identified in mutants that fail to accumulate glycogen (Feng et al. 

1991; Cannon et al. 1994).  Glc7 dephosphorylates glycogen synthase for 

glycogen synthesis (Cannon et al. 1994).  The amino acid sequence for Glc7 

is 85% identical to that of rabbit PP1.  A range of regulatory subunits controls 

the activity of Glc7 by influencing its intracellular localization and substrate 

specificity.  Glc8, Gac1 and Reg1 are three Glc7 noncatalytic subunits that 

assist in wild-type glycogen synthesis levels.  Glc8 encodes a homolog of 

mammalian inhibitor-2, which inhibits PP1 activity in vitro (Tung et al. 1995).  

Glc8 is not essential for cell growth.  However, phosphorylated Glc8 

enhances Glc7 activity in vivo.  Glc8 is phosphorylated by the cyclin 

dependent kinase (Cdk) Pho85, which associates with Pcl6 and Pcl7 (two of 

its ten cyclins) (Tung et al. 1995; Tan et al. 2003).  

We have identified a Glc7 protein phosphatase-1 regulatory pathway in 

yeast (figure 1-1A).  This pathway modulates the activity of the Glc7-Sds22 

holoenzyme, which controls metaphase to anaphase transition.  The 

components of the pathway involve the cdk, Pho85 (Cdk5), Pcl6 and Pcl7.  
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Pcl6 and Pcl7 form an active complex with Pho85 to phosphorylate Glc8 

(Inhibitor-2) (Tan et. al. 2003).  Our knowledge of Pcl6 and Pcl7 and their 

regulation is limited.  The goal of this study was to further understand the role 

and regulation of Pcl6 and Pcl7, determine the input(s) that controls the 

activity of Pho85-Pcl6/ Pcl7, which will enhance our understanding of the 

conditional activation of Glc7 by phospho-Glc8 (figure 1-1B) 
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Figure 1-1A:  Glc7 regulatory pathway:  The cyclin dependent kinase Pho85 

associated with two of its ten cyclins, Pcl6 and Pcl7, phosphorylates Glc8, which 

consequently activates Glc7.  Over expression of Glc7 is lethal to the cell and 

subsequently leads to cell death (Francisco et al. 1994; Black et al. 1995).  A lower 

level of Glc7 is also lethal to the cells because Glc7 is essential to form a 

holoenzyme with Sds22 to promote metaphase to anaphase transition in mitosis by 

dephosphorylating the kinetochore protein to promote bipolar attachments of the 

spindle to the kinetochore.  Unattached kinetochores to the spindle microtubules 

cause metaphase arrest, chromosome missegregation or aneuploidy, which are all 

deadly to the cells. 
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Figure 1-1B:  Project focus:  Determine the factor(s) that control the conditional 

activation of Glc7 by phospho-Glc8 by identifying the input(s) that regulates Pcl6 and 

Pcl7. 
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Cyclins and Cyclin dependent kinases (Cdks) 

The cell cycle consists of a set of processes that result in duplicated 

constituents of different parts of the cell, and division into two daughter cells.  

Cyclin dependent kinases (cdks) ensure successful progression of cells 

through the cell cycle.  The major transition points of the cell cycle are 

triggered by cdks (Morgan 1995). 

Cdks are heteromeric protein kinases found in all eukaryotes.  They 

are composed of a family of serine/threonine kinases whose activity is tightly 

regulated by their interaction with cyclins.  Cdk activation requires cyclin 

binding and phosphorylation of conserved threonine by cdk activating 

kinase(s) (Morgan 1995; Andrews et al. 1998).  Cyclins were first discovered 

as proteins that oscillated in abundance through the cell cycle (Evans et al. 

1983).  Following this discovery, experiments in various eukaryotic cells firmly 

established cyclins as key regulators of the cell cycle that function by 

activating cdks.  Further studies revealed that not all cyclins show cell-cycle-

dependent degradation and synthesis.  Transcriptional control also regulates 

cyclin synthesis and ubiquitin-mediated degradation of cyclins inactivates the 

cdks  (Koch et al. 1994; King et al. 1996).  The tight control of cyclins is 

necessary to successfully regulate the cell cycle.  

Cyclin proteolysis falls under two categories.  Those that are 

constitutively unstable throughout the cell cycle, thus their level is determined 

by the rate of transcription and those that are unstable only in specific 

phase(s) of the cell cycle.  Cyclins share a homology region called the cyclin 
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box, which is critical for the binding and activation of the cyclin-cdk subunit 

(Morgan 1995). 

 

Cdks in S.  cerevisiae   

There are at least five known cdk enzymes in S. cerevisiae: Cdc28, 

Kin28, Srb10, Ctk1 and Pho85.  Cdk Cdc28 (Cell division control protein 28) 

is the main cdk required for cells to progress from G1 phase to S phase.  

Cdc28 associates with nine different cyclins to form a cyclin-cdk complex, that 

drives the cells to progress through the different phases of the cell cycle.  

Cdc28 is the only cdk enzyme in S. cerevisiae with an essential role in cell 

cycle progression.  Other yeast cdks contribute to cell cycle progression 

through the regulation of gene expression and cell metabolism (Reviewed in 

Andrews et al. 1998).  Cdc28 controls the timing of the events in the yeast cell 

cycle.  Cdc28 cyclins are categorized into three groups, the G1, S-phase and 

mitotic phase cyclins.  The G1 cyclins, Cln1, Cln2 and Cln3 primarily regulate 

events during the cell cycle interval between mitosis and DNA replication.  

The S-phase cyclins Clb5 and Clb6 initiate the timely onset of DNA replication 

and the mitotic cyclins Clb1, Clb2, Clb3 and Clb4 initiate entry into mitosis 

(Reviewed in Andrews et al. 1998; Westendorf et al. 1989). 

 The reported half-lives of Cln1, Cln2 and Cln3 are in the range of 3 to 

10 minutes (Barral et al. 1995).  The Clb protein levels are periodic, with 

maximum accumulations occurring in post-G1 phase of the cell cycle and 

sharply declines in anaphase.  The Clb2, Clb3 and Clb5 half-lives are 1 to 2 
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minutes during G1 phase when its proteolysis is active.  However, throughout 

S-phase and G2-phase, Clb2 and Clb3 are more stable with a longer half-life, 

of 10-15 minutes (Seufert et al. 1995).  The Cdc28 cyclins are proteolyzed via 

ubiquitinated intermediates. 

Protein degradation by the ubiquitin-proteasome pathway requires the 

covalent attachment of ubiquitin (a small protein composed of 76 amino acid 

residues) moieties to the substrate protein and the ATP dependent 

proteolysis of the substrate by the 26S proteasome (Pickart et al. 2001).  

Protein ubiquitination involves E1 (ubiquitin activating or UBA), E2 (Ubiquitin 

conjugating or UBC) and E3 (Ubiquitin ligase) enzymes.  Ubiquitin first binds 

to a cysteine residue of the E1 enzyme in an ATP-coupled reaction.  The 

ubiquitin is then transferred from the E1 enzyme to the active site of the E2 

enzyme via a thiolester linkage and finally, ubiquitin is linked to the substrate 

via an isopeptide bond between the C-terminal glycine of the ubiquitin and a 

selected lysine residue of the substrate (typically lysine 48).  Repeated 

transfer of additional ubiquitin molecules to a lysine residue on each 

previously conjugated ubiquitin generates a polyubiquitin chain.  The 

polyubiquitin chain is then recognized by the 26S proteasome, which 

ultimately degrades the protein into short peptides (Glickman et al. 1998).  

The transitional phases of the cell cycle is a result of proteolytic pathways that 

degrade cell cycle regulatory proteins.  This is evident in the regulation of the 

G1 cyclins.  The G1 cyclins regulate the onset of DNA replication by triggering 

the destruction of Sic1, an inhibitor of the Clb-Cdc28 kinase complex (Schwob 
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et al. 1994; Schneider et al. 1996).  Phosphorylation of Sic1 by the Cln-Cdc28 

complex, targets it for ubiquitin-mediated proteolysis by the Cdc34, Cdc4, 

Cdc53 and Skp1 proteins.  This permits the activation of the Clb kinase and 

the onset of DNA replication (Feldman et al. 1997; Skowyra et al. 1997).  

Cdc34 is an E2 enzyme that regulates the G1/S phase transition.  

Cdc53/cullin 1, Cdc4, Skp1 and Rbx1 (a.k.a. Hrt1 or Roc1) form an E3 

ubiquitin ligase complex that regulates the G1/ S-phase transition with Cdc34 

known as the SCF complex.  SCF is an acronym for Skp1, Cdc53/cullin- F-

box protein (such as Cdc4 or Grr1) (Patton et al. 1998; Deshaies et al. 1999; 

Koepp et al. 1999; Tyers et al. 2000).  Skp1 is an acronym Suppressor of 

kinetochore protein mutant.  It also functions as a kinetochore protein 

(Connelly et al. 1996). 

A second cyclin dependent kinase inhibitor Far1 is also targeted to the 

SCFcdc4 by the Cln-Cdc28 dependent phosphorylation (Mckinney et al. 1993).  

Far1 inhibits the Cln-Cdc28 kinase to arrest the cell cycle in G1 phase in 

response to mating pheromones.  The proteolysis of Far1 is necessary to 

allow recovery of the cell cycle arrest induced by pheromone (Henchoz et al. 

1997). 

Other yeast Cdks contribute to cell-cycle progression through the 

regulation of gene expression and cell metabolism.  An example of such a 

cdk is Pho85.  Like Cdc28, cdk Pho85 associates with multiple cyclins 

(Measday et al. 1997).  This will be further discussed below.  In contrast, the 

three remaining yeast cdks, Kin28, Srb10 and Ctk1, each associate with a 
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single, dedicated cyclin to regulate gene expression through close ties with 

the transcriptional machinery.  See table 1-1 below. 
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Table 1-1:  S. cerevisiae cyclins and their Cdks 

CDK Cyclins Cyclin-CDK function 

Cdc28 Cln1, Cln2, Cln3 
 
 
 
 
 
 
Clb5, Clb6 
 
 
Clb1, Clb2, Clb3, Clb4 

Essential for START: spindle-pole body 
duplication, budding and polarized growth, Sic1 
proteolysis, and inhibition of CLB proteolysis, 
activation of G1 transcription (Tylers et al. 1993; 
Wittenberg, et al. 1996). 
 
DNA replication (kuhne et al. 1993: Schwob et al. 
1994) 
 
Essential for mitosis: Spindle assembly, 
inactivation of CLN transcription, suppression of 
polarized bud growth, and repression of SBF 
transcription factor (composed of Swi4 and Swi6 
binding proteins). (Schwob et al. 1993; Lew et al. 
1993; Grandin et al. 1993) 

Pho85 Pcl1, Pcl2 
 
 
Clg1,  
 
 
Pcl5 
 
 
 
Pcl9 
 
 
 
Pho80 
 
 
 
Pcl6, Pcl7 
 
Pcl8, Pcl10 

Required for START in the absence of Cln1 and 
Cln2  (Lenburg et al. 2001). 
 
Unknown (Measday et al 1997: Matsumoto et al. 
1993) 
 
Regulates Gcn4; a yeast transcriptional activator 
involved in the biosynthesis of amino acids and 
purines (Shermer et al. 2002). 
 
Function in bud site selection and cell 
morphogenesis (Tennyson et al. 1998). 
 
 
Negative regulation of Pho4 transcription factor in 
response to phosphate (Kaffman et al. 1994). 
 
 
Glycogen synthesis (Wang et al. 2001). 
 
Glycogen synthase kinase (Wang et al. 2001). 

Kin28 Ccl1 Transcription, CTD kinase (Feaver et al. 1994; 
Liao et al. 1995) 

Srb10 Srb11 Transcription, CTD kinase (Feaver et al. 1994; 
Liao et al. 1995) 

Ctk1 Ctk2 Transcription, CTD kinase (Feaver et al. 1994; 
Liao et al. 1995) 
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The binding of cyclin-cdk complex to the basal transcription machinery 

provides a means of coordinating mRNA synthesis with cell division and other 

cellular processes.  Cyclin-cdks: Ccl1-Kin28 and Srb11-Srb10 associate with 

the yeast RNA polymerase (Pol II) holoenzyme.  Ccl1-Kin28 is the cyclin-cdk 

component of the general transcription factor TFIIH, and Srb11-Srb10 is 

found in the holoenzyme complex (Feaver et al. 1994; Liao et al. 1995).  

Mutations in KIN28 and SRB10 genes each reduce phosphorylation of the C-

terminal domain (CTD) of RNA Pol II in vivo and are also associated with a 

variety of defects in gene expression  (Liao et al. 1995; Valay et al. 1995). 

Similar to Kin28 and Srb10, Ctk1 also phosphorylates the RNA Pol II CTD 

(Sterner et al. 1995). 

 

Pho85 

Single celled organisms such as yeast survive by regulating their own 

growth.  They stop growing under adverse conditions and start growing when 

the environment becomes favorable.  Regulators that connect environmental 

cues to the cell growth are necessary for their long-term survival.  Pho85 is an 

example of such a cdk regulator.  PHO85 encodes a non-essential cdk with 

51% identity to Cdc28.  It has emerged as an important model for the role of 

cdks in processes beyond cell cycle control.  Pho85 was first discovered 

because of its role in regulating the activity of secreted acid phosphatase but 

has since then been shown to play a broader role in cell metabolism and 

division (Lenburg et al. 1996).  However it is best known for its pivotal role in 
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the PHO pathway, a signaling pathway that coordinates the response of yeast 

to phosphate starvation (Tohe et al. 1988; Lenburg et al. 1996). 

Pho85 associates with ten cyclin partners that can be divided into two 

families based on sequence similarity.  The Pho80 family (Pho80, Pcl6, Pcl7, 

Pcl8 and Pcl10) and the Pcl1, 2 family (Pcl1, Pcl2, Clg1, Pcl5 and Pcl9) as 

depicted in figure 1-2 below (Carroll et al. 2002).   
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Figure 1-2:  The two subfamilies of Pho85 cyclins and their function 
Each small graphic indicates which of the cyclins participate in the listed function.  

The filled in gray cyclins participate in the listed function, whereas the outlined ones 

do not. (Figure and legend from Carroll et al. 2002) 
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The role of Pho85 in the PHO pathway is directed by its association 

with the cyclin Pho80 (Kaffman et al. 1994).  Pho85-Pho80 kinase activity is 

regulated in response to phosphate levels by the cdk inhibitor (CK1) Pho81.  

Pho81 remains bound to Pho80-Pho85 in both high and low phosphate 

conditions, and only inhibits when yeast are starved for phosphate (Huang et 

al. 2001).  The PHO85 and PHO80 genes function as negative regulators for 

the expression of the PHO5 gene, which encodes repressible acid 

phosphatase.  A loss of either Pho85 or Pho80 function results in constitutive 

expression of Pho5.  Pho85/Pho80 kinase in cells grown in the presence of a 

sufficient amount of inorganic phosphate localizes to the nucleus, and 

phosphorylates Pho4, thereby excluding Pho4 from the nucleus.  When the 

inorganic phosphate concentration becomes limiting, Pho81 inhibits 

Pho85/Pho80 kinase from phosphorylating Pho4.  Non-phosphorylated Pho4 

in the cytoplasm is transported into the nucleus to activate transcription of the 

PHO5 gene, which turns on the transcription of genes that are involved in the 

survival response to phosphate starvation (Kaffman et al. 1994; Schneider et 

al. 1994; Lenburg et al. 1996). 

Deletion of Pho85 causes pleiotropic phenotypes, which is indicative of 

its multiple functions.  Deletion of pho85 (pho85∆) not only causes the 

constitutive expression of phosphate-starvation dependent genes, but also 

poor growth on non-fermentable carbon sources, hyperaccumulation of 

glycogen, abnormal morphology, irregular budding and sporulation defects 

(Timblin et al. 1996; Measday et al. 1997; Tennyson et al. 1998).  This broad 
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spectrum of phenotypes displayed by pho85∆ cells is attributed to the 

presence of multiple Pho85 cyclin partners. 

 

Subfamilies of Pho85 cyclins and their functions 

Pcl1 and 2 subfamily:  This family of Pcl consists of Pcl1, Pcl2, Pcl5, Pcl9, 

and Clg1. Pcl1, Pcl2 and Pcl9 demonstrate a pattern of cell cycle regulated 

expression.  Pcl1 and Pcl2 are expressed during the G1 phase of the cell 

cycle.  They associate with Pho85 to contribute to START (Espinoza et al. 

1994; Measday et al. 1994; Lee et al. 2000; Aerne et al. 1998).  Although 

Pho85 is not essential for viability, Pcl1, Pcl2-Pho85 kinase complexes 

become essential for START in the absence of Cln1, Cln2-Cdc28.  This 

suggests a role for these complexes at START (Espinoza et al. 1994; 

Measday et al. 1994).    Additionally Pcl9 is 64% identical to Pcl2, suggesting 

that Pcl9 and Pcl2 may perform overlapping roles. However deletion of PCL9 

in diploid yeast strains leads to a defect in bud site selection that is not seen 

in strains deleted for PCL2.  Therefore, Pcl9-Pho85 plays a role in bud site 

selection and cell morphogenesis, a function consistent with the timing of Pcl9 

expression in late mitotic to early G1 phase of the cell cycle (Tennyson et al. 

1998). 

Pcl5 is required for the function of Pho85 in the degradation of Gcn4, a 

yeast transcriptional activator involved in the biosynthesis of amino acids 

(Hinnebusch et al. 1984) that regulate a major portion of the yeast genome 

(Natarajan et al. 2001).    Gcn4 is normally translated and stabilized under 
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conditions of amino acid starvation by a mechanism that involves 

phosphorylation of the general translation initiation factor eIF-2α by the kinase 

Gcn2 (Dever et al. 1992; Hinnebusch et al. 1997).  Gcn4 degradation is 

dependent on its phosphorylation and ubiquitination by the ubiquitin 

conjugating enzyme Cdc34 in conjunction with the ubiquitin ligase SCFcdc4.  

The cdks involved in Gcn4 degradation are Pho85 and Srb10 (Meimoun et al. 

2000; Chi et al. 2001).  Phosphorylation of Gcn4 precedes it ubiquitination 

and destruction during nutrient rich conditions.  Gcn4 transcriptionally 

regulates Pcl5; thus generating a negative feedback loop to ensure that Gcn4 

activity is kept in check under normal growth conditions (Shemer et al. 2002). 

 

Pho80 Subfamily:  This family consists of Pho80, Pcl6, Pcl7, Pcl8 and Pcl10.  

Pho80 cyclin subfamily functions in metabolic regulation (Andrews et al. 

1998).  As stated earlier, Pho80 plays a role in the control of gene expression 

in response to limitation of inorganic phosphate (Schneider et al. 1994).  Pcl6, 

Pcl7, Pcl8 and Pcl10 have all function in glycogen accumulation via forming 

an active complex with Pho85 to phosphorylate and down regulate glycogen 

synthase (Gsy2) (Wang et al. 2001, Huang et al. 1998; Wilson 1999)  (See 

figure 1-3).  GSY2 encodes the major nutritionally regulated form of glycogen 

synthase.  In the absence of Pho85 kinase, the level of Gsy2 phosphorylation 

is low and synthesis of glycogen is stimulated (Huang et al. 1998). 
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Pcl5 

 
 
 
Figure 1-3:  Pho85 substrates and consequences upon phosphorylation.  Four 

well-characterized substrates are shown, with their active condition shown on the 

top.  The question marks in the cyclin cartoon indicate that a requirement for Pcl1 

has not been shown for this activity in vivo.  The degradation of the substrates is 

phosphorylation dependent; Pho85 does not actually degrade these substrates 

directly.  (This figure and legend was modified from Carroll et al. 2002). 
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Pcl6 and Pcl7 are highly related cyclins whose function(s) are poorly 

characterized.  Specific studies of these cyclins show that, Pcl6 is 

phosphorylated and likely to be destroyed by the proteasome  (Hyman et al. 

2002).  Elongin C (Elc1) (which will be further discussed) binds and stabilizes 

Pcl6 (Hyman et.al. 2002).  Pcl7 forms an active complex with Pho85, which is 

inhibited in response to phosphate starvation.  Lastly, PCL7 mRNA is cell 

cycle regulated with the highest levels in S-phase  (Lee et al. 2000).  Pcl 

homologues are found in Caenorhabdititis elegans, Neurospora crassa and 

Schizosaccharamyces pombe, suggesting the Pcl function might be 

conserved in other organisms (Andrews et al. 1998).  

 

Pho85 as a model of mammalian Cdk5 

Pho85 is most similar to mammalian Cdk5.  Cdk5 is 57% identical in 

amino acid sequence to Pho85 and can suppress most of the phenotypes 

that are associated with pho85∆ (Huang et al. 1999; Nishizawa et al. 1999). 

Comparable to Pho85, monomeric Cdk5 displays no enzymatic activity and 

requires association with a regulatory partner for activation.  Cdk5 forms a 

complex with an activating subunit, p35 (similar in structure to Pho80 cyclin), 

in post mitotic neuronal cells (Lew et al. 1995; Huang et al. 2007).  Cdk5 is 

expressed in all tissues, although its highest expression and associated 

kinase activity are detected in the nervous system (Hellmich et al. 1992; Tsai 

et al. 1993 and Ino et al. 1992).   Similar to Pho85, Cdk5 also has roles 

beyond the cell-cycle control. It orchestrates multiple processes including 
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membrane trafficking, transport and neurotransmission.  In the development 

of the central nervous system, Cdk5 plays a critical role in axonal migration by 

modulating actin-base motility and cell adhesion (Nguyen et al. 2002; Smith et 

al. 2001).  Furthermore, Cdk5 is expressed in insulin secreting pancreatic 

cells and inhibition of Cdk5 reduces insulin secretion, indicating that Cdk5 

might be a positive regulator of insulin exocytosis (Lilja et al. 2001). 

Another activator of Cdk5 is p39.  Just like p35, p39 is also expressed 

only in the neurons.  P39 was identified by its sequence homology to p35, 

with which it shares 57% amino acid identity (Tang et al.1995).   Both p35 and 

p39 contain several Cdk5 phosphorylation consensus sites and a short 

proline-rich region in the N-terminal third of the protein, which corresponds to 

the cleavage site for generating p25 and p29 (Patrick et al. 1999; 1998).  p25 

and p29 with half-lives of 1-2 hours are much more stable than p35 and p39, 

which have half lives of 20-30 minutes, and their ability to associate with Cdk5 

leads to sustained activation of the kinase (Patrick et al. 1999; Patzke et al. 

2002).   

P35 has been shown to be multi-ubiquitinated and degraded through 

the ubiquitin-proteasome pathway.  Inhibition of Cdk5 kinase activity 

increases the stability of p35 by several folds, which is likely due to the 

phosphorylation of p35 by Cdk5.  Similarly p35 mutants that lack Cdk5 

phosphorylation sites have a longer half-life (Patrick et al. 1998).  Therefore, 

there is a negative feedback regulation relationship between Cdk5 and p35. 
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Misregulation of cdks occurs in neurons in a wide range of neurological 

disorders, including Alzheimer’s disease, Parkinson’s disease and 

amyotrophic lateral sclerosis.   Deregulation of Cdk5 by its truncated co-

activators p25 and p29 have been shown to contribute to neuro-degeneration 

possibly by triggering phosphorylation of substrates such as tau (cytoskeletal 

protein), which is toxic for neurons.  Patients with Alzheimer diseases have 

p25/Cdk5 accumulation in their neurons (Patrick et al. 1999).   

Further studies revealed that expression of p25/Cdk5 in cultured 

cortical neurons induced hyper-phosphorylation of tau, neurite retraction, 

cytoskeletal abnormalities and apoptosis.  Also over expression of p25 in the 

central nervous system of transgenic mice caused hyper-phosphorylation of 

tau, cytoskeletal disruption and behavioral traits similar to Alzheimer disease 

(Ahlijanian et al. 2000).  Knowledge of the role of Cdk5 and its activators in 

neuro-degenerative disease can be further enhanced with our studies of 

Pho85-Pcl6 and Pho85-Pcl7 in yeast as our model organism. 

Similar to the regulation of p35 by phosphorylation, Pcl6 is regulated 

by phosphorylation and targeted to the 26S proteasome for degradation 

(Hyman et al. 2001).  Elongin C (Elc1) stabilizes Pcl6 (Hyman et al. 2001).  

We confirmed this finding in our system.  Additionally, we discovered that 

Elc1 also stabilizes Pcl7 and elc1 null mutation compromises the in vivo 

function of both Pcl6 and Pcl7 in cell growth and in 4-nitroquinoline oxide (4-

NQO) DNA damage response.  The Elongin complex in both mammalian cells 

and in yeast will be further discussed below.  
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ELONGINS 

The Elongins in mammalian cells 

Elongins were first identified as components of the three-subunit 

elongin complex.  The elongin complex is one of several transcription factors 

capable of activating the overall rate of elongation by RNA polymerase II in 

vitro by suppressing transient pausing by polymerase along the DNA template 

(Aso et al. 1995; Duan et al. 1995).   

There are three subunits to the elongin complex: Elongin A, B and C.  

Elongin A (~770 amino acids) is the active subunit.  Elongin B and C are both 

regulatory subunits of about 100 amino acids long (Aso et al. 1995, Garrett et 

al 1994; Garret et al. 1995).  Elongin C (Elc1) binds to Elongin A (Ela1) to 

form an unstable but highly active Elongin AC complex.  Elongin B then binds 

directly to Elongin C to form a highly stable ABC complex which stimulates 

the rate of elongation by suppressing transient pausing of RNA polymerase II 

at any site along the DNA (Aso et al. 1995; Aso et al. 1996).  Elongin A 

contains a F-box region (~42 amino acid conserved domain, that acts as an 

adaptor component of an E3 ubiquitin ligase that function in phosphorylation 

mediated ubiquitination of proteins), Elongin B contains an ubiquitin-like 

domain and Elongin C is homologous to Skp1.  (Skowyra et al. 1997; Bai et 

al. 1996).  
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 Elongin A, B and C share sequence and structural similarities with the 

SCF complex in yeast (Skp1-Cdc53 (cullin)-F-box protein), which is involved 

in the cell cycle and ubiquitin-dependent proteolysis (Feldman et al. 1997; 

Skowyra et al. 1997; Patton et al. 1998; Krek et al. 1998).  Although the 

elongin complex is similar to the yeast SCF complex, there is no direct 

evidence that it participates in the regulation of cell cycle-dependent 

proteolysis thus far. 

Elongin B and C are components of a complex that contains the Von 

Hippel Lindau (VHL) tumor suppressor gene product (Krumm et al. 1995; 

Lonergan et al. 1998).  The VHL complex, functions as an E3 ubiquitin ligase, 

similar to the budding yeast SCF complex (Lisztwan et al. 1999).  VHL-

Elongin BC complex is involved in the negative regulation of expression of 

vascular endothelial growth factor (VEGF) and other hypoxia inducible genes.  

VEGF expression is repressed under normal growth conditions, but is 

strongly induced in cells deprived of oxygen or serum. VEGF is highly 

expressed in tumors including VHL disease associated tumors.  The VHL 

disease is an autosomal dominant cancer syndrome that predisposes 

affected individuals to a variety of tumors including clear cell renal carcinomas  

(Latif et al. 1993; Gnarra et al. 1994).   

Elongin A and VHL share a conserved BC binding site motif.  The 

common binding site is the only region of significant similarity between the 

two proteins (Duan et al. 1995; Kibel et al. 1995).  VHL disease is established 

by a mutation in this site and any mutation in this site substantially reduces 
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binding to elongin BC, which makes the VHL proteins very unstable and thus, 

rapidly degraded by the proteosomal degradation pathway (Duan et al. 1995; 

Kibel et al. 1995 and Kishida et al. 1995).  Elongin BC binding, stabilizes the 

VHL protein, which then allows the binding of other molecules in the ubiquitin 

ligase complex including Cul-2 and Rbx1 which ultimately prevents the 

proteosomal degradation of the VHL protein (Kamura et al. 1999).  Since the 

elongins in this complex, work to stabilize VHL, we think this might be a 

conserved function of Elc1 and its binding partners; such as its stabilizing 

effect on Pcl6 in S. cerevisaie. 

 

The Elongins in S. cerevisaie 

In yeast, there is no elongin B, and yeast Elc1, does not stimulate RNA 

polymerase II activity (Koth et al 2000; Jackson et al 2000).  Elc1 exhibits 

41% identity and 71% similarity to the mammalian Elc1 (Aso et al. 1997).  The 

greatest similarity of yeast Elc1 to mammalian Elc1 includes the region that 

binds to VHL and activates human elongin A (Ela1).  Yeast Ela1 displays 31% 

identity to mammalian Ela1.  The greatest similarity is in the region of the 

mammalian protein, most critical for transcriptional activity (Aso et al. 1996).  

The Ela1 containing complex in yeast is required for ubiquitination of a RNA 

polymerase II subunit in the presence of DNA damage (Ribar et al. 2007). 

Yeast Elc1 (12 kDa protein size) is a homotetramer with an unstable C-

terminal region (Botuyan et al. 1999).  It can interact with mammalian Ela1 

and VHL, which might be due to the homologous region found in the N-
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terminal regions of both Ela1 and VHL (Kibel et al. 1999; Aso et al. 1996; 

Gnarra et al. 1996).  On the contrary, yeast Elc1 does not exhibit any affinity 

for human Elongin B (Tsuchiya et al. 1996).  Elc1 in yeast functions as a 

component of two E3 ubiquitin ligases (Ribar et al. 2007). 

The first Elc1 containing complex is the nucleotide excision repair 

factor 4 (NEF4).  Elc1 associates with Rad7 and Rad16 proteins to form the 

NEF4 complex.  The NEF4 complex is one of the multiple complexes involved 

in DNA damage repair by the nucleotide excision repair  (NER) pathway.  The 

NEF4 complex is responsible for the removal DNA lesions from the 

nontranscribed regions of the genome (Prakash et al. 2000).  Rad16 contains 

conserved sequence motifs indicative of ATPase activity.  Thus, this NEF4 

displays a DNA dependent ATPase activity. (Prakash et al. 1993). 

Secondly, Elc1 forms a complex with Ela1 and Cul3 to ubiquitinate 

RNA polymerase and target it for degradation in cells treated with ultraviolet 

(UV) light or 4-nitroquinoline-1-oxide (4-NQO).  DNA damaging agents such 

as UV light and 4-NQO induce DNA adducts which cause a helix distorting 

damage to the DNA strand.  The NER pathway is one of the repair 

mechanisms cells use to fix DNA damage (reviewed in Hoeijmakers et al. 

2001).  DNA damage repair pathways will be further discussed below.   
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DNA damage repair mechanisms  

Cellular DNA is vulnerable to a variety of DNA damaging agents that 

cause DNA lesions that impede processes such as replication and 

transcription.  This results in cell cycle arrest, genomic instability and cell 

death.  The frequency of DNA lesions in cells is too high to be compatible with 

life because it causes tissue degeneration, aging and cancer.  To avoid this, 

and in order for the genome to be reproduced, the damage must be corrected 

efficiently by DNA repair mechanisms (Hoeijmaker et al. 2001).  

There are several DNA-repair pathways and DNA damage checkpoints 

to deal with the frequent challenges of endogenous and exogenous DNA 

insults.  Endogenous insults include depurination, the effect of oxygen and 

free radicals (cause base damage and DNA strand breaks), and error caused 

by DNA replication (base mismatches and deletions) (Lindahl et al. 1993).  

Exogenous DNA damage includes UV irradiation, ionizing radiation (IR), and 

various alkylating agents.  Ultraviolet irradiation and alkylating agents can 

also cause cross-linking between bases (De Laat et al. 1999).  Repair 

systems protect the genome of cells from this damage.   

Two of the main DNA maintenance mechanisms operating in cells are 

base excision repair (BER) and NER pathways.  BER eliminates single 

damaged-base residues by the action of specialized DNA glycosylases and 

Apurinic/Apyrimidinic (AP) endonucleases.  It mainly works on non-bulky base 

adducts which occurs spontaneously in a cell from hydrolytic events such as 

deamination or base loss, fragmented bases resulting from ionizing radiation 
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and oxidative damage or methylation of ring nitrogens by endogenous agents 

(Lindahl et al. 1999).   

The NER pathway has a preference for bulky base adducts, which 

results in helix distortion of the DNA (Wood, 1997).  The most common 

lesions subject to NER are lesions caused by UV radiation and alkylating 

agents such as 4-nitroquinoline oxide.  They produce damage to DNA and 

induce formation of two major UV photoproducts, cyclobutane pyrimidine 

dimers and 6-4 photoproducts.  The cyclobutane pyrimidine dimers can be 

formed between any two adjacent pyrimidines.  The 6-4 photoproducts are 

formed by covalent bond between the carbon 6 and carbon 4 of adjacent 

pyrimidines.  Both photoproducts are toxic and mutagenic and results in 

distortion of the DNA helix (de Laat et al. 1999).  There are two modes of 

NER repair.  The global genome NER (GG-NER), which requires a specific 

subset of NER proteins to remove lesions over the entire genome, and 

transcriptional-coupled NER (TC-NER), which removes transcription blocking 

lesions present in the transcribed DNA strands (Friedberg et al. 2005).  The 

rate of repair of GG-NER is dependent on the type of lesion.  RNA 

polymerase II complex detects TC-NER damage when it encounters a lesion.   
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Nucleotide excision repair in humans 

At least three syndromes are associated with inborn defects in NER: 

Cockayne syndrome (CS), Xeroderma pigmentosum (XP) and 

Trichothiodystrophy (TTD).  These are all characterized by extreme sun 

sensitivity (Bootsma et al. 2001: Lehmann et al. 2001).  CS, associated with a 

specific defect in TC-NER, is caused by a mutation in the CSA or CSB genes.  

CS is a rare inherited recessive disorder, characterized by short stature or 

dwarphism, the appearance of premature aging and dysmyelination.  Unlike 

XP, CS is not linked to cancer.  This could be attributed to the fact that CS 

cells are particularly sensitive to lesion-induced apoptosis, thereby protecting 

against tumorigenesis (De Boer et al. 1999).   

On the contrary, XP, which is also a recessive disorder, is 

characterized by severe photosensitivity, exhibits a 1000 fold incidence of 

sun-induced skin cancer (Hoeijmakers 2001).  XP is caused by a mutation in 

one of seven genes (XPA-XPG).  Lastly, TTD (recessive syndrome) shares 

several symptoms with CS but with the additional features of brittle hair, nails 

and scaly skin.  Interestingly, mutations in the XPD or XPB genes can give 

rise to all three diseases because it affects transcription, thereby causing 

developmental delay and reduced expression of the matrix proteins that 

causes brittle hair and scaly skin, which is a characteristic of TTD (Vermeulen 

et al. 2001). 

NER begins with recognition of the DNA lesion, followed by incisions at 

sites flanking the DNA lesion to remove the oligonucleotide containing the 
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DNA lesion by endonucleases.  The gap is then repaired by DNA synthesis 

and sealed by DNA ligase (Friedberg et al. 1995).  The GG-NER and the TC-

NER both involve several proteins most of which have homologues in yeast.  

However, the underlying mechanism is still not completely clear.    

 

Nucleotide excision repair in yeast 

The yeast genes involved in NER can be grouped into two classes.  

Class 1 consists of the RAD1, RAD2, RAD3, RAD4, RAD10, RAD14, and 

RAD25 genes.  Class 2 consists of RAD7, RAD16, RAD23, and MET18 

genes.  Mutations in class 1 results in hypersensitivity to UV light and to other 

DNA damaging agents, such as cross-linking agents and they cause a high 

level of defect in the incision of UV damage DNA and cross-linked DNA.   

Mutations in class 2 results in a moderate degree of sensitivity to UV light and 

other DNA damaging agents compared to class 1.  Mutations in class 2 also 

affect the proficiency of the reaction (Wilcox et al. 1981; Reynolds et al. 

1981).  

Homologues of all the above mentioned yeast genes, except for RAD7, 

RAD16 and MET18, have been identified in humans, and mutations in these 

genes affect the NER in a similar fashion as they do in yeast (See table 1-2 

below).  In yeast, the repair of the nontranscribed DNA strand and of 

transcriptionally inactive regions has a specific dependence on the RAD7 and 

RAD16 genes (Verhage et al. 1994; Mueller et al. 1995).  
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Table 1-2:  Yeast and human nucleotide excision repair proteins 

 

This table was taken from Prakash et al. 2000. 
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The multiple protein subassemblies of the NER pathway are called 

nucleotide excision repair factors (NEFs) (table 1-3).  Rad14 and Rad1-

Rad10 form the NEF1 complex, Rad4-Rad23 form the NEF2, Rad2, Rad3, 

Rad25, SSL1 and TFB1, TFB2, TFB3 constitute NEF3, and the Rad7-Rad16 

and Elc1 complex is called NEF4 (Ramsey et al. 2004).  Table 4 below, 

shows the four NEF complexes, their components and their distinct function 

(Prakash et al. 2000). 

The NEF2 (Rad4 and Rad23) binds to the DNA lesion site and recruits 

other proteins to excise and repair the lesion (Batty et al. 2000).  Rad4 is 

essential for DNA damage repair however; Rad23 is a nonessential 

component of NEF2.  Cells exhibit a moderate rather than severe sensitivity 

to DNA-damaging agents in rad23 mutant strain.  Rad23 contains an N-

terminal ubiquitin like (UBL) domain, a Rad4-interaction domain and two 

ubiquitin-associated (UBA) domain.  The UBA domains are not required for 

NER activity of Rad23 (Friedberg et al. 1995; Prakash et al. 2000; Bertolaet et 

al. 2001).  Rad23 interacts with the 26S proteasome and the UBL domain is 

required for this interaction.  Rad23 physically links the proteasome to the 

ubiquitinated substrates, and regulates ubiquitin chain elongation.  (Schauber 

et al. 1998; Russell et al 1999; Lambertson et. al. 2003).  Studies show that, 

Rad4 protein transiently accumulates following DNA damage and Rad23 

enhances Rad4 stability following UV radiation of yeast cells (Lommel et al. 

2002).  This suggests that Rad23 protects Rad4 from degradation by the 
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proteasome in cells.  Additionally, Rad23 stimulates the DNA binding activity 

of Rad4 in the presence of DNA damage (Xie et al. 2004). 

The NEF4 (Rad7-Rad16) complex enhances NEF2 damage binding in 

an ATP-dependent manner (Guzder et. al 1999).   NEF4 functions as an ATP-

driven motor, which scans along the DNA to locate the damage site (Guzder 

et al. 1997).  The ring finger domain of Rad16 supports the function of the 

NEF4 complex as an ubiquitin-protein ligases (E3) because RING proteins 

interact with ubiquitin-conjugating enzyme (E2) and many function as E3.  

Rad7 has similarities with the F-box subunits of the SCF-type ubiquitin 

ligases.  Rad7 interacts with the NEF2 subunit via its Rad4 subunit  (Joazeiro 

et al. 2000, Lorick et al. 1999).   

The NEF4 (Rad7-Rad16) complex along with Rad23, control the 

steady state levels of Rad4 (Lommel et al. 2002).   Mutations in NEF4 (Rad7-

Rad16) result in elevated levels of Rad4 and an increase in ubiquitinated 

species of Rad23 (Ramsey et al. 2004).  Similarly, UV irradiation increases 

Rad4 levels.  Altogether, these findings are consistent with NEF4 

ubiquitination of Rad4 and destruction of ubiquitinated Rad4 by the 

proteasome. 

The order in which the remaining NER factors assemble onto the 

damage-bound NEF2-NEF4 complex is still not clear.  Also, the exact role of 

Elc1 in NEF4 with Rad7 and Rad16 in DNA damage repair is also unclear.  

However, Elc1 in the Ela1-Cul3-Hrt1 complex is essential for the 

polyubiquitination and degradation of Pol II after DNA damaged (Ramsey et 
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al. 2004).  In response to DNA damage, the large Pol II subunit, Rpb1, gets 

polyubiquitinated, which then leads to Pol II degradation by the proteasome 

(Beaudenon et al. 1999; Bregman et al. 1996; Ratner et al. 1998).   
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Table 1-3:  Yeast nucleotide excision repair factors (NEFs) 

NEF Components  Function or Activity 

NEF1 Rad1, Rad10, Rad14 DNA endonucleases, DNA 

damage recognition 

NEF2 Rad4, Rad23 DNA damage binding, Tethering 

of NEF1 with NEF3 

NEF3 Rad2, Rad3, Ssl2, Ssl1, Tfb1, 

Tfb2, Tfb4 

DNA endonucleases, DNA 

helicase 

NEF4 Rad7, Rad16, Elc1 DNA dependent ATPase, DNA 

damage recognition 

RPA Rfa1, Rfa2, Rfa3 DNA damage recognition. 

 

This table was modified from Prakash and Prakash 2000. 
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DNA damage response signal transduction pathway 

The main components of the DNA checkpoints are sensors, transducers and 

effectors.  Sensors detect structural abnormalities in genome DNA and 

generate the DNA damage signals.  Transducers receive signals from the 

sensor proteins and further amplify the DNA damage signal.  Lastly, effectors 

are components of the DNA repair pathway, transcriptional and cell response 

to DNA damage, which modulates the global cell response to the DNA 

damage. (Zhou et al. 2000).  Responses induced by DNA damage checkpoint 

in S. cerevisiae include cell cycle arrests, transcriptional changes and post-

translational modifications of proteins involved in the DNA damage process 

(figure 1-4) 
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Figure 1-4:  DNA damage response signal transduction pathway.   Arrowheads 

represent activating events and perpendicular ends represents inhibitory events.  

Cell cycle arrest is portrayed with a stop sign and apoptosis with a tombstone.  The 

DNA helix with an arrow symbolizes damage-induced transcription, while the DNA 

helix with several oval-shaped subunits represent assembly of DNA damage repair 

proteins on the lesion site.  For simplicity, the networks of interacting pathways are 

illustrated as a linear pathway consisting of signals, sensors, transducers and 

effectors (Figure and legend from Zhou et al. 2000). 
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DNA damage checkpoint regulation entails a cascade of protein kinase 

phosphorylation, which promotes cell cycle arrest.  In S. cerevisiae, the 

conserved kinase cascade responsible for cellular response to DNA damage 

consists of Mec1, Tel1, Chk1, Rad53 and Dun1 (figure 1-5).  Mec1 and Tel1 

are implicated in the initial detection of DNA damage.  Rad53 and Dun1 

function as effector kinases that regulate many downstream cellular 

processes by transforming the cell cycle arrest signal to various downstream 

proteins to arrest the cell cycle (Longhese et al. 1998).   
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Figure 1-5:  Model of the DNA damage checkpoint response in budding yeast.   

DNA damage caused by UV irradiation or a variety of chemicals including alkylating 

agents such as 4-NQO evokes diverse response including cell cycle arrest or delay 

in cell cycle progression for the DNA damage to be repaired and an increase in 

ribonucleotide reductase activity (RNR) (Chabes et al. 2003). 
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Chapter 2: 

Materials and Methods 

Yeast strains and media:  Yeast strains used in this study were in the 

JC746-9D or S288C background and are listed in Table 2-1 and Table 2-2 

respectively.  In experiments where strain behaviors are compared, all strains 

come from the same background.  The pcl6::kanMX4, pcl7::kanMX4, PCL6-

TAP:HIS3, PCL7-TAP:HIS3, and ela1::kanMX4 alleles in the JC746-9D 

background came from corresponding S288C strains by either six or more 

serial backcrosses or by transformation of a DNA fragment amplified from a 

S288C strain.  S288C strains obtained from Open Biosystems were crossed 

using standard procedures to yield the strains in Table 2-2.  The markers 

come from knockout and TAP fusion collections (Winzeler et al. 1999; 

Ghaemmaghami et al. 2003).  Strains containing pcl6 pcl7 or PCL6-TAP 

PCL7-TAP genotypes came from non-parental ditype tetrads.  The genotype 

of pcl6::KanMX4 pcl7::KanMX4 was confirmed by polymerase chain reaction 

(PCR) using appropriate primers (Table 2-3).  Rich (YEPD) and omission 

media used for growth of cells were made as described (Sherman et al. 1986; 

Sambrook et al, 1989).  To the YEPD media, after autoclaving, 4-

nitroquinoline-oxide (4-NQO) was added to make 4 ug/ml 4-NQO plates and 

G418 was added to make 267 mg/ml G418 plates. 

 

 

 
 

 39



 
Table 2-1:  Strains used in the JC746-9D background 

 
 
 
 

Strain Genotype Source 

JC746-9D Mata leu2-3,112 ura3-52 can1-100 trp1 his3-11,15 Tanaka et al. 

1992 

JC1299-6D Matα pcl7::kanMX4 ura3 his3 leu2 This work 

JC1331-26A Matα pcl7::kanMX4 glc7-R121K:URA3 ura3 his3 leu2 This work 

JC1322-12A Matα pcl6::kanMX4 ura3 his3 leu2 This work 

JC1332-16D Matα pcl6::kanMX4 glc7-R121K:URA3 ura3 his3 leu2 This work 

JC1338-20A Matα pcl6::kanMX4 pcl7::kanMX4 ura3 his3 leu2 Tan et al. 2003 

JC1338-20C Mata pcl6::kanMX4 pcl7::kanMX4 glc7-R121K:URA3 

ura3 his3 leu2 

Tan et al. 2003 

JC1447-5C Matα PCL6-TAP:HIS3 his3 leu2 ura3 This work 

JC1448-1C Mata PCL7-TAP:HIS3 his3 leu2 ura3 This work 

JC1449-21B Mata PCL6-TAP:HIS3 PCL7-TAP:HIS3  

JC1454-9D Mata leu2 ura3 his3 trp1 glc7-R121K:URA3 Tan et al. 2003 

JC1550-8C Mata elc1::kanMX4 his3 leu2 ura3 This work 

JC1557-1B Matα pcl6::kanMX4 elc1::kanMX4 glc7-R121K:URA3 

ura3 his3 leu2 

This work 

JC1562-4D Matα elc1::kanMX pcl7::kanMX4 glc7-R121K:URA3 

ura3 his3 leu2 

This work 
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JC1568 Mata pcl6::kanMX4 pcl7::kanMX4 glc7-R121K:URA3 

his3 leu2 

This work 

JC1586-1C Matα pcl6::kanMX4 elc1::kanMX leu2-3,112 ura3-52 

can1-100 trp1 his3-11,15 

This work 

JC1587-2D Mata elc1::kanMX pcl7::kanMX4 leu2-3,112 ura3-52 

can1-100 trp1 his3-11,15 

This work 

JC1598-2A Mata elc1::kanMX PCL7-TAP:HIS3 his3 leu2 ura3-52 

can1-100 trp1 

This work 

JC1599 Mata ela1::kanMX4 leu2-3,112 ura3-52 can1-100 trp1 

his3-11,15 

This work 

JC1600-1A Mata PCL6-TAP:HIS3 pcl7::kanMX4 glc7-R121K:URA3 

ura3 his3 leu2 

This work 

JC1606-9D Mata PCL7-TAP:HIS3 pcl7::kanMX4 glc7-R121K:URA3 

ura3 his3 leu2 

This work 

JC1613-1C Mata ela1::kanMX4 can1-100 trp1 pcl6::kanMX4 glc7-

R121K:URA3 ura3 his3 leu2 

This work 

JC1621-1A Mata ela1::kanMX4 can1-100 trp1 pcl7::kanMX4 glc7-

R121K:URA3 ura3 his3 leu2 

This work 
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Table 2-2:  Strains used in the S288C background 
 
 
 

Strain Genotype Source 

JC1570 PCL6-TAP:HIS3 elc1::kanMX4 his3-∆1 leu2-∆0 

met15-∆0 ura3-∆0 

This work 

JC1574-2A Matα PCL6-TAP:HIS3 ela1::kanMX4 his3-∆1 leu2-∆0 

met15-∆0 ura3-∆0 

This work 

JC1575-1A Matα rad16::kanMX4 PCL6-TAP:HIS3 his3-∆1 leu2-

∆0 met15-∆0 ura3-∆0 

This work 

JC1576-2A Mata rad7::kanMX4 PCL6-TAP:HIS3 his3-∆1 leu2-

∆0 met15-∆0 ura3-∆0 

This work 

JC1579-1A Mata rad23::kanMX4, PCL6-TAP:HIS3 his3-∆1 leu2-

∆0 met15-∆0 ura3-∆0 

This work 

JC1607-6B Mata PCL7-TAP:HIS3 ela1::kanMX4 his3-∆1 leu2-∆0 

met15-∆0 ura3-∆0 

This work 

JC1608-4D Mata PCL7-TAP:HIS3 rad16::kanMX4 his3-∆1 leu2-

∆0 met15-∆0 ura3-∆0 

This work 

JC1609-1C Mata PCL7-TAP:HIS3 rad23::kanMX4, his3∆1 

leu2∆0 met15∆0 ura3∆ 

This work 

JC1610-3B Mata PCL7-TAP:HIS3 rad7::kanMX4 his3∆1 leu2∆0 

met15∆0 ura3∆0 

This work 

YSC1021-

551138 

Matα ela1::KanMX4 his3∆1 leu2∆0 met15∆0 ura3∆0 Open 

Biosystems 
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Table 2-3 

Primers used to confirm pcl6::KanMX4 or pcl7::KanMX4 

Primer  Sequence (5’-3’) Description 

592 CTG CAG CGA GGA GCC GTA AT Reverse PCR primer for any 

kanMX4 confirmation. 

593 AGGTAAGATC TCGCCTTGAT GT PCL6 diagnostic primer -300 

from ATG 

594 GCATCCA TAGGCATACT ATGGC PCL7 diagnostic primer -300 

from ATG 
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Genotype verification of pcl6::kanMX4 pcl7::kanMX4:  This procedure 

was done to confirm the genotype of pcl6 pcl7 double mutant strains.  Primers 

593 and 594 were the forward primers designed to amplify 300 bases 

upstream of PCL6 and PCL7 genes respectively.  Primer 592, the reverse 

primer, amplified 259 bases from the middle of the kanMX4 cassette.  A 

successful deletion of PCL6 or PCL7 produced a PCR product size of 559 

base pairs.  The 25 μl PCR reaction contained 10 pmols of each primer, 1X 

PCR buffer (50 mM KCl, 10 mM 1 Tris HCl pH 9.0 and 0.1 % Triton X-100), 

0.8 mg/ml Bovine Serum Albumin (BSA), 0.2 mM dNTP, 1 μl of 25 % Triton X-

100, 1 μl of Taq polymerase and 1 μl DNA template.  DNA was prepared by 

adding 30 μl of 0.2% sodium dodecyl sulfate (SDS) to a medium size yeast 

colony of indicated strains.  Cells were vortexed for approximately 15 

seconds, heated for 4 minutes at 90 °C, spun in a microcentrifuge for 1 

minute and the supernatant was then transferred into a new tube and used for 

the PCR reaction.  The PCR reaction mixture was subject to denaturation at 

92 °C for 2 minutes followed by 35 cycles of thermocycling: 30 seconds at 92 

°C (denaturation), 30 seconds at 60 °C (annealing), and 2 minutes at 72 °C 

(elongation), and 7 minutes at 72 °C.  5 μl of the PCR product was run on a 1 

% agarose gel to visualize the PCR product. 

 

Protein stability studies:  Strains expressing Pcl6-TAP or Pcl7-TAP were 

grown to exponential phase (A600 of 0.7- 0.8) at 30 °C in YEPD media.  Cells 

were then treated with 100 μg/ml cycloheximide from a stock of 10 mg/ml to 
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inhibit protein synthesis.  Cells were then harvested at indicated times and 

protein levels were determined by Western blotting.  To determine the protein 

levels, crude extracts were prepared from harvested cells by vortexing with 

glass beads at 4°C.  An equal volume of lysis buffer (100 mM Tris pH 7.5, 200 

mM NaCl, 1 mM EDTA and 5% glycerol) and Protease Inhibitor Cocktail 

(Roche Molecular Biochemicals) was added to the harvested cells before 

vortexing.  Cells were lysed using 0.4 mm glass beads by vortexing 7 times 

for 1 min at 4°C.  At least 25 μg of protein was used to load a 10% 

polyacrylamide-SDS gel (Laemmli, 1970).  Bradford protein assay was used 

to determine protein concentration and bovine serum albumin was used as 

the standard.  Proteins were transferred to a nitrocellulose membrane as 

described (Towbin et al. 1979).  TAP tagged proteins were detected using 

anti-TAP antibody of 0.5 mg/ml (1:1000 dilution; Open Biosynthesis) in 

phosphate buffered saline, 0.1% Tween (PBST), or 1:2000 dilution of 1 mg/ml 

anti-TAP antibody in PBST, followed by addition of horseradish peroxidase 

conjugated anti-rabbit secondary antibody (1:10,000 dilution; GenScript 

Corporation) in PBST with 5% non-fat milk.  Phosphoglycerate kinase (Pgk1) 

levels were detected using anti-PGK antibody (1:1000 dilution; Molecular 

Probes) in PBST followed by addition of horseradish peroxidase conjugated 

anti-mouse secondary antibody (1:10,000; Molecular Probes) in PBST with 

5% non-fat milk.  All antigens were detected with chemiluminescence 

substrates (Pierce) and visualized using a Fuji CCD detector.  Band 

intensities from the CCD detection were quantified using Image J software 
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and fitted to a first order decay to calculate the half-lives of Pcl6 and Pcl7.   

See flow chart below (figure 2-1). 
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 Exponentially growing cells 

(TAP-tagged strains)  
 
 Add cycloheximide 

(100 μg/ml)  
 
 Samples were taken at indicated time points 
 
 
 
 
 
 Analyze by Western blotting using chemiluminescence. Capture 

image with CCD detector.  
 
 
 
 
 
 
 
 

Quantitate protein intensity using Image J software. Analyze data using 
Axum software and fit to first order decay (A=Aoe-Kt) 

K= degradation rate constant (time-1).  The error of fitting to this function was 
used to compute the half-life error.   

 
 
 
 

Calculate half-life (T½=ln(2)/K)  
 
 
 
 
Figure 2-1:  Experimental approach for Pcl6-TAP and Pcl7-TAP stability 
studies 
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Construction and amplification of ela1::kanMX4:  A single step gene 

disruption method was used to construct ela1::kanMX4 mutant strains in a 

JC746-9D background.  Primers 633 and 634 (Sigma) (table 2-4) were used 

to amplify the kanMX4 cassette in the ela1::kanMX4 mutant strain (YSC1021-

551138) from the S288C background.  The primers amplified 500 bases 

upstream and 400 bases down stream of the kanMX4 cassette.  These 

regions are homologous to the down and upstream regions of the ELA1 gene 

in the JC746-9D.  Thus the PCR product was used to transform JC-746-9D 

wild-type strains and through homologous recombination, elal1::kanMX4 

mutants were constructed in a JC746-9D background to make JC1599.  

Transformants were selected on a G418 plate.  The genotype of JC1599 was 

confirmed by PCR.  The 50 μl PCR reaction contained 20 pmols of each 

primer (forward and reverse primers), 1X PCR buffer (50 mM KCl, 10 mM Tris 

HCl pH 9.0 and 0.1 % Triton-X), 200 μM dNTP, 2.5 μl of Triton X-100, 0.50 μl 

of Taq polymerase and 2 μl of genomic DNA from the JC1599 strain.  The 

PCR reaction mixture was subject to heating at 92°C for 2 minutes followed 

by 35 cycles of thermocycling: 30 seconds at 92 °C (denaturation), 30 

seconds at 60 °C (annealing), and 3 minutes at 72 °C (elongation).  5 μl of the 

PCR product was run on a 1% agarose gel to confirm the PCR product.   
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Table 2-4  

PCR primers used to amplify ela1::KanMX4  

Primer Sequence (5’-3’) Description 

633 TCATCAAGGC ATTGCGTGGT GAA Forward Primer: 500 bases 

upstream of ELA1 

634 GTTGGATGGAGAG AAGGGAACAG Reverse PCR primer: ~400 

bases downstream of ELA1 
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RNA extraction and quantification for real time PCR (qRT-PCR):  Cells 

were grown in a 20 ml culture to exponential phase (A600 of 0.7- 0.8) at 30°C 

in YEPD medium.  Harvested cells were then resuspended in 1 ml ice cold 

1% diethyl pyrocarbonate (DEPC) treated water and transferred into a clean 

1.5 ml microcentrifuge tube.  Cells were centrifuged for 5 minutes at 13,000 

rpm at 4°C.  The supernatant was discarded and the cell pellet was 

resuspended in a 400 µl TES  (10 mM Tris-HCl, pH 7.5, 10 mM EDTA, 0.5% 

SDS) solution.  400 µl of pH 5 phenol was added and vortexed vigorously for 

10 seconds and incubated for 60 minutes at 65°C with occasional brief 

vortexing (every 15 minutes).  Afterwards cells were placed on ice for 5 

minutes and then microcentrifuged for 5 minutes at 13,000 rpm at 4°C.  Next, 

the aqueous (top) phase was transferred to a clean 1.5-ml microcentrifuge 

tube and extracted again with phenol and once with chloroform.  The top 

aqueous phase was transferred to a new tube, 40 µl of 3 M sodium acetate 

(pH 5.3) and 1 ml of ice-cold 100% ethanol was added and centrifuged 5 

minutes at top speed at 4°C.  The RNA pellet was then briefly vortexed in ice-

cold 70% ethanol as before and pellet was dried.  Subsequently, the pellet 

was resuspended in 50 µl DEPC treated water.  RNA was quantitated using a 

Nanodrop spectrophotometer.  Samples were run on a 1% agarose (Sigma 

cat # 105H0414) gel in TBE (90 mM Tris-borate, pH 8.3 and 2 mM Na2EDTA) 

buffer.  The agarose gel was stained with ethidium bromide to confirm the 

integrity of the abundant ribosomal RNAs.  RNA was extracted from intact 

yeast cells with hot acidic phenol and SDS. (Collart and Oliveiro, 1993). 
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Removal of genomic DNA from extracted RNA:  15 µg of RNA was treated 

with 15 units RQ DNase (Promega) in 50 µl of reaction buffer (40 mM Tris-

HCl (pH 8.0), 10 mM MgSO4 and 1 mM CaCl2) at 37 °C for 30 minutes.  Next, 

the samples were phenol (pH 7) and chloroform extracted.  The top aqueous 

phase was transferred to a new tube and 5 µl of 3 M sodium acetate (pH 5.2) 

was added along with 1 ml of ice cold 100% ethanol and precipitated.  The 

RNA pellet from each tube was rinsed briefly with cold 70% ethanol, 

precipitated and dried thoroughly and resuspended in 50 µl of DEPC treated 

water.  RNA concentration was determined spectrophotometrically by 

measuring the absorbance at 260nm (A260) and 280nm (A280) with an 

extinction coefficient of A260 = 1.0 for 40 µg/µl.   

 

cDNA preparation from DNase treated RNA for qRT-PCR to determine 

the mRNA levels of PCL6 and PCL7 in wild-type cells.  First strand cDNA 

synthesis was performed using Superscript III (Invitrogen).  To 5 µg of DNA 

free RNA, 1 µl of 10 mM dNTP mix (Fermentas), 1 µl oligodT (0.5 µg/ µl) and 

DEPC treated water were added to obtain a total volume of 14 µl.  Priming 

was carried out at 65°C for 5 minutes and held at 4°C.  Subsequently, reverse 

transcription (RT) was performed after 4 µl of 5X RT reaction buffer (Tri-HCl 

pH 7.8, 0.4 M KCl and 0.2 M MgCl2, Invitrogen), 1 µl of 100 mM DTT, 0.5 µl 

RNase-OUT (recombinant ribonuclease inhibitor, 40 units/ µl, Invitrogen), and 

0.5 µl of Superscript III (50 units/ µl, Invitrogen) were added.  The RT reaction 

was carried out for 50 minutes at 50 °C, and 15 minutes at 70 °C and stored 
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at minus 20°C for further use.  A Superscript III minus sample was assembled 

for each reaction as a negative control for the real Time PCR reaction.  

 

qRT-PCR primers:  All the primers used for the real time PCR (Table 2-5) 

were purchased from Sigma and a final concentration of 300 nM was used in 

each real time PCR reaction.  The primers were designed with PrimerQuest 

application from the Integrated DNA Technologies website 

(http://www.idtdna.com/Scitools/Applications/Primerquest/).  The expected 

product sizes were ~134, 199, 151 base pairs for PCL6, PCL7 and PGK1 

respectively.  This optimal primer concentration was determined according to 

the instruction guide that came with the Power SYBR green PCR master mix 

kit (Applied Biosystems).  Primer efficiency was confirmed by PCR using 

yeast genomic DNA and PCR product was confirmed by running a 1% 

agarose in TBE buffer.  Afterward, the agarose gel was stained with ethidium 

bromide to confirm the presence of the expected PCR product and the 

absence of unwanted non-specific products.   
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Table 2-5  

Primers used for RT-PCR reaction 

Primers Sequence (5’-3’) Description 

666 TACTCGACGGTGACACAAGCAACT PCL6 qRT-PCR primer 

667 TCGCTGCCGTCCTATCATTTGACT PCL6 qRT-PCR primer 

668 TCGGACCACATTCTCACAGCTTCA PCL7 qRT-PCR primer 

669 TTCATTTGTCTCCTCGTCCAGGCT PCL7 qRT-PCR primer 

670 GGCTGGTGCTGAAATCGTTCCAAA PGK1 qRT-PCR primer 

671 AGCCAGCTGGAATACCTTCCTTGT PGK1 qRT-PCR primer 
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qRT-PCR and quantification:  Real time PCR was performed in an optical 

96 well reaction plate using a 7900HT fast real time PCR system (Applied 

Biosystems).  Primers used in this reaction are listed in table 2-5.  The cDNA 

from 90 ng of yeast RNA was added to each reaction.  Each reaction 

contained 10 µl of SYBR-green PCR master mix in a total volume of 20 µl.  

The temperature profile was 92 °C for 2 minutes, followed by 50 cycles of 30 

seconds at 92 °C, 15 seconds at 60 °C and 1 minute at 72 °C.  Each reaction 

was performed in triplicate including the negative control (no-RT samples).  

Phosphoglycerate kinase (PGK1) was used as the internal control gene to 

normalize for the amount of RNA added to each RT reaction.  Using the cycle 

threshold (CT) values for each sample, we generated the relative quantity 

value (RQ) using the formula, RQ = 2CT (VanGuilder et al. 2008).  Relative 

RNA levels were calculated for each sample by dividing PCL6 or PCL7 RQ 

values by the PGK1 RQ value.  The standard deviation of the relative value 

was calculated as the root mean square of the deviation of the two values in 

the quotient (Lavik et al. 2001; Giulietti et al. 2001).  
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Levels of Pcl6 and Pcl7 in synchronized cells:  Strains expressing Pcl6-

TAP or Pcl7-TAP were grown in a 50 ml YEPD culture to exponential phase 

(A600 of 0.7- 0.8) at 300 C.  Cells were treated with α-factor (10 μg/ml) to halt 

cells in G1 phase, 100 mM hydroxyurea to halt the cells in S-phase or 15 

μg/ml final concentration of nocodazole to halt the cells in G2/ Mitotic phase.  

Cells were treated for 2 hours.  Budded and unbudded cells were counted 

using a hemacytometer at 0 minutes of treatment and compared to 2 hours of 

treatment to confirm synchronization.  Afterwards, cells were harvested and 

protein levels of Pcl6 and Pcl7 were determined by Western blot analysis. 
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CHAPTER 3:   

Genetic analysis of the role of yeast Elongins on the function of Pcl6 

and Pcl7 

Introduction 

GLC7 is an essential gene in S. cerevisiae that encodes the catalytic 

subunit of protein phosphatase-1.  The Glc7 protein regulates diverse cellular 

processes including mitosis.  We have identified a Glc7 pathway that controls 

cell division; however, the components of this pathway are not fully 

understood.  Glc7 is conditionally activated by phospho-Glc8, which is 

phosphorylated by the cyclin dependent kinase, Pho85, associated with Pcl6 

and Pcl7.   

Little is known about the regulation of Pcl6 and Pcl7.  Therefore, our 

goal was to understand the conditional activation of Glc7 by phospho-Glc8.  

To do this, we wanted to understand the regulation of Pcl6 and Pcl7 in Glc8 

phosphorylation.  Elongin C (Elc1), a component of Nucleotide Excision 

Repair Factor (NEF4), affects the stability of Pcl6 (Hyman et al. 2002).  

Hyman et al. showed that Elc1 stabilizes Pcl6.  In wild-type cells, the levels of 

Pcl6 decreased 30 minutes after protein synthesis was inhibited as compared 

to the level in elc1 deletion strain, which showed decreased protein level as 

early as 4 minutes.   

To further our understanding we hypothesized that since Pcl6 and Pcl7 

belong to the Pho80 subfamily of Pho85 and both have similar functions 

(Table 1-1), then Elc1 will also stabilize Pcl7 and affect the in vivo function of 

 56



both Pcl6 and Pcl7.  To investigate this, we used a yeast strain that contained 

a GLC7 point mutation glc7-R121K that is lethal in combination with glc8 

deletion, pho85 deletion or deletions of pcl6, pcl7, pcl8 and pcl10.  Our results 

confirm that Elc1 stabilizes Pcl6.  We also show that Elc1 also stabilizes Pcl7 

and regulates the in vivo function of both Pcl6 and Pcl7 in cell growth and in 

response to DNA damage caused by 4-niitroquinoline oxide (4-NQO).  These 

are all novel discoveries made from this study.  

 

Results 

Elc1 enhances the function of Pcl6 and Pcl7 in vivo 

The glc7-R121K mutation renders a cell dependent upon phospho-

Glc8 for viability (Tan et al. 2003).  A pcl6 pcl7 glc7-R121K (figure 3-1, row 

5) strain is temperature-sensitive (ts) because the former two mutations 

eliminate the major cyclins of the Pho85 Glc8 kinase (Tan et al. 2003).  We 

used this ts trait to study the effects of Elc1 on Pcl6 and Pcl7 in vivo function.  

Growth of five glc7-R121K strains was assessed at permissive (30°) and non-

permissive (39º) temperatures (figure 3-1).  

Comparison of pcl7 glc7-R121K (figure 3-1, row 2) and pcl6 glc7-R121K 

(figure 3-1, row 4) assess the function of Pcl6 and Pcl7 respectively.  pcl6 

glc7-R121K (figure 3-1, row 4) closely mimicked the ts trait of the negative 

control pcl6 pcl7 glc7-R121K (figure 3-1, row 5).  This suggests that Pcl6 

supplies more Glc8 kinase activity than Pcl7 using this in vivo assay.  This 

finding is consistent with the results from the Glc8 kinase assays reported in 
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Tan et al. 2003.  On the contrary, this finding is inconsistent with the reported 

lower relative protein level of Pcl6 compared to Pcl7  (Ghaemmaghami et al.  

2003).  These differences could be due to the high temperature used for this 

assay. 

Comparison of elc1 pcl7 glc7-R121K (figure 3-1, row 1), to pcl7 glc7-

R121K (figure 3-1, row 2) reveals the effect of Elc1 on Pcl6 in vivo function.  

Since the former strain is more ts, it shows that the elc1 deletion 

compromised Pcl6 function, which is consistent with reported stabilization of 

Pcl6 by Elc1 (Hyman et al. 2002).   

Likewise, comparison of pcl6 elc1 glc7-R121K (figure 3-1, row 3) to 

pcl6 glc7-R121K (figure 3-1, row 4) reveals the effect of Elc1 on Pcl7.  Since 

the former is more temperature sensitive than the latter, it shows that elc1 

deletion enhanced the temperature sensitive trait.  Hence elc1 deletion 

compromised Pcl7 in vivo function.  The effect of elc1 deletion on the function 

of Pcl7 is a novel discovery.  Furthermore, the elc1 mutation compromised 

the in vivo function of Pcl7 (figure 3-1, row 3) greatly than Pcl6 (figure 3-1, 

row 1) in cell growth. 

Altogether, our data show that Elc1 affects the in vivo function of Pcl6 

and Pcl7.  Additionally, Elc1 has a greater effect on the in vivo function of 

Pcl7 than Pcl6.  Perhaps the effect of elc1 deletion on the in vivo function of 

Pcl6 and Pcl7 is due to a destabilized Pcl6 and Pcl7 caused by the absence 

of Elc1. 
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Figure 3-1:  Elc1 enhances the function of Pcl6 and Pcl7 in Glc8 
phosphorylation.  Serial five fold dilution of glc7-R121K strains (JC1562-4D; row 1, 

JC133126A; row 2, JC1557-1B; row 3, JC1332-16D; row 4, JC1338-20C; row 5) 

were spotted (2 μl) on YEPD medium at 30 oC and 39 oC and grown for two days.  

Dilutions grown at 30 oC (control) equally grew (data not shown). 
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 Deletion of elc1 enhances cell sensitivity to DNA damage by 4-NQO 

Elc1 is a component of two complexes involved in DNA damage repair 

in yeast.  In general, cells frequently encounter some sort of DNA damage.  

The cellular machinery recognizes DNA lesions and attempts to repair them.  

Upon the induction of DNA damage, cells respond by halting cell division until 

the damage is repaired to ensure accurate synthesis and faithful transmission 

of the genome (Lew et al. 2003).  Failure to sense and properly respond to 

DNA damage will increase cell sensitivity to such damage.   

When yeast cells are exposed to DNA damaging agents that cause a 

distortion of the DNA helix, such as UV light or 4-nitroquinoline oxide (4-

NQO), the nucleotide excision repair (NER) pathway gets activated to correct 

such DNA damage (Hoeijmakers et al. 2001).  The NER proteins exist in vivo 

as part of multiple complexes as shown in Table 1-3.  Each complex has a 

unique function in the NER pathway.  Since Elc1 is a component of the NEF4 

and the Ela1 containing complex of the NER pathway (figure 3-2), we wanted 

to specifically determine the effect of elc1 mutation in cellular response to 4-

NQO DNA damage.  Also, we investigated whether Pcl6 and Pcl7 functioned 

in 4-NQO DNA damage response. 
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Figure 3-2:  Elc1 containing complexes in the nucleotide excision repair (NER) 
pathway.  Both the NEF4 and the Ela1 containing complex participate in the NER 

pathway to remove bulky DNA adducts caused by chemical such as, 4-nitroquinoline 

oxide (4-NQO).  Each complex performs a unique function.  The NEF4 complex is 

required for global genome repair whiles the Ela1 containing complex is specific to 

transcription-coupled repair.  Both the NEF4 and Ela1 containing complex 

ubiquitinate Rad4 and Rpb1 (one of the several subunits of RNA polymerase II) 

respectively upon DNA damage (de Laat et al. 1999; Friedberg et al. 2005). 

 

 

 

 

 

 

 61



 We hypothesized that the elc1 mutation will enhance cell sensitivity to 

4-NQO DNA damage.  This is because elc1 mutation will render the NEF4 

complex defective in responding to DNA damage.  Thus, DNA damage will 

accumulate, which will eventually become toxic to the cells.  To test our 

hypothesis, wild-type and elc1 mutant cells were grown in rich YEPD medium 

with and without (control) 4-NQO.  Cells were counted using a 

hemacytometer, and the same number of cells were plated for both wild-type 

and elc1 deletion strains.   The growth difference on the control plate (figure 

3-3) shows the difference in growth rate between the wild-type cells and the 

elc1 cells.  Although the elc1 cells have a faster growth rate than the wild type 

cells, this growth pattern was reversed on the 4-NQO plates.  The elc1 cells 

showed enhanced cell sensitivity compared to wild-type cells (figure 3-3).  

We interpret these data to indicate that elc1 deletion compromises the 

function of the NEF4 complex to effectively repair the DNA damage caused 

by 4-NQO.  This rendered the elc1 deleted cells more sensitive to 4-NQO 

compared to wild-type cells. 
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Figure 3-3:  elc1 enhances cell sensitivity to 4-NQO.  Three independent cultures 

of JC746-9D (wild-type) and JC1550-8C (elc1) cells were grown in YEPD medium to 

exponential phase (2 x 108 cells/ml).  Serial five-fold dilutions were spotted on YEPD 

plate with and without (control) 4-NQO (4 μg/ml) and grown for 2 days at 30ºC before 

photography.  
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Pcl6, Pcl7 and Glc7 assist in 4-NQO DNA damage repair  

Since our data support the role of Elc1 in DNA damage repair, we 

hypothesized that Pcl6 and Pcl7 play a role in DNA damage repair since Elc1 

stabilizes both Pcl6 and Pcl7.  To test our hypothesis, we tested wild-type, 

pcl6 and pcl7 mutants sensitivity to 4-NQO.  Our results show that wild-type 

cells (figure 3-4, row 1) were less sensitive to 4-NQO compared to the 

mutant strains.  Both pcl6 (figure 3-4, row 2) and pcl7 (figure 3-4, row 4) 

showed enhanced cell sensitivity to 4-NQO compared to wild type (figure 3-4, 

row 1).  This shows that Pcl6 and Pcl7 assist in 4-NQO DNA damage 

response.  The sensitivity to 4-NQO was further enhanced with elc1 deletion 

(compare figure 3-4, row 2 with row 3 and row 4 with 5).  Therefore, elc1 

deletion compromises the in vivo function of both Pcl6 and Pcl7 in cell growth, 

and in 4-NQO DNA damage response.   
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Figure 3-4:  elc1 enhances pcl6 and pcl7 sensitivity to 4-NQO.  JC746-9D (Wild-

type), JC1322-12A (pcl6), JC1586-1C (pcl6 elc1), JC1299-6D (pcl7), JC1587-2D 

(pcl7 elc1), JC1338-20A (pcl6 pcl7) were grown in YEPD medium to exponential 

phase (2 x 108 cells/ml).  2 μl of serial five-fold dilution was spotted subsequently.  

Five-fold serial dilutions were spotted on YEPD plate with and without (control) 4-

NQO (4 μg/ml).  Cells were grown for at least 2 days at 30º before photography. 
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Since both Pcl6 and Pcl7 indirectly regulate Glc7 (figure 1-1A), we 

wanted to further investigate whether the role of Pcl6 and Pcl7 in DNA 

damage repair was dependent on Glc7.  Our data show that the sensitivity of 

pcl6 pcl7 double mutants was further enhanced in the glc7-R121K strain 

(compare figure 3-5 rows 2 and 3).  This indicates that Glc7 influences the 

role of Pcl6 and Pcl7 in DNA damage response.  
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Figure 3-5:  Glc7 is involved in DNA damage repair:  JC746-9D (Wild type), 

JC1338-20A (pcl6 pcl7), JC1568 (pcl6 pcl7 glc7-R121K) were grown in YEPD 

medium to exponential phase.  Equal volumes of five-fold serial dilutions were 

spotted on YEPD plate with and without (control) 4-NQO (4 μg/ml).  Cells were 

grown for at least 2 days at 30 ºC before photography. 
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Deletion of elc1 enhances pcl6 and pcl7 sensitivity to 4-NQO in glc7-

R121K cells 

Since figure 3-4 shows that DNA damage response depends upon the 

Glc7 pathway, we wanted to expand our understanding by comparing glc7-

R121K mutant alone with several glc7-R121K mutant strains.  The glc7-

R121K mutation alone did not have a significant effect on the sensitivity of 

cells to 4-NQO DNA damage compared to wild-type cells (figure 3-6, row 1 

and row 2).  On the contrary, pcl6 pcl7 glc7-R121K (figure 3-6, row 7) was 

highly sensitive compared to glc7-R121K (figure 3-6, row 2).  This shows 

that decreasing the level of phospho-Glc8 greatly affects the activity of Glc7 in 

DNA damage response.  Also, pcl6 glc7-R121K cells (figure 3-6, row 3) and 

pcl7 glc7-R121K (figure 3-6, row 5) were more sensitive than glc7-R121K 

cells  (figure 3-6, row 2).  These data specifically demonstrate Pho85-

Pcl6/Pcl7 kinase activity on Glc8 phosphorylation and its effect on Glc7 

function in DNA damage response.  Also, the results confirm that Pcl6 and 

Pcl7 both function in DNA damage response.  As expected, when pcl6 glc7-

R121K or pcl7 glc7-R121K deletion was combined with an elc1 deletion 

(figure 3-6, rows 3 & 4 and figure 3-6, row 5 & 6), the sensitivity was further 

enhanced.   

Together, these data show that the difference in the DNA damage 

response is amplified in the glc7-R121K mutant strains compared to the Glc7 

wild-type strains in figure 3-5.  This suggests that the DNA damage response 

pathway depends on Glc7 function.   Also, the results confirm that deletion of 
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elc1 compromises the in vivo function of Pcl6 and Pcl7 in DNA damage 

response.   
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Figure 3-6: Deletion of elc1 enhances pcl6 and pcl7 sensitivity to 4-NQO in 
glc7-R121K cells.  JC746-9D (wild-type), JC1454-9D (glc7-R121K), JC1332-16D 

(pcl6 glc7-R121K), JC1557 (pcl6 glc7-R121K elc1), JC1331-26A (pcl7 glc7-R121K), 

JC1562-4D (pcl7 glc7-R121K elc1), JC1338-20C (pcl7 pcl6 glc7-R121K) were grown 

in rich YEPD medium to exponential phase (2 x 108 cells/ml).  2 μl of serial five-fold 

dilution was spotted subsequently on YEPD plate with and without (control) 4-NQO 

(4 μg/ml).  Cells were grown for at least 2 days at 30º before photography. 
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Ela1 does not affect the in vivo function of Pcl6 and Pcl7  

Since Ela1 forms a complex with Elc1 to participate in NER pathway 

(Ribar et al. 2007), we wanted test if Ela1 regulated the in vivo function of 

Pcl6 and Pcl7 similarly to Elc1 in the glc7-R121K strain.  We compared cell 

growth of wild-type and several ela1 mutants (figure 3-7).  As expected, pcl6 

pcl7 glc7-R121K  (figure 3-7, row 6) was temperature sensitive.  If Ela1 had 

an effect on the in vivo function of Pcl6 and Pcl7, then we expected pcl6 or 

pcl7 deletion combined with ela1 deletion (rows 3 and row 5) to behave 

similarly to pcl6 pcl7 glc7-R121K (figure 3-7, row 6).  On the contrary, the 

growth of pcl6 glc7-R121K (figure 3-7, row 2) was similar to ela1 pcl6 glc7-

R121K (figure 3-7, row 3).  This shows that ela1 deletion did not compromise 

the in vivo function of Pcl7.  Likewise, the growth of pcl7 glc7-R121K (figure 

3-7, row 4) was similar to ela1 pcl7 glc7-R121K (figure 3-7, row 5).  This 

also illustrates that ela1 mutation did not compromise the in vivo function of 

Pcl6.  Together, the results show that, unlike elc1, deletion of ela1 does not 

compromise the in vivo function of Pcl6 and Pcl7. 
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Figure 3-7:  Ela1 does not affect the in vivo function of Pcl6 and Pcl7 in cell 
growth.  JC1454-9D (glc7-R121K), JC1332-16D (pcl6), JC1613-1C (ela1 pcl6), 

JC1331-26A (pcl7), JC1621-1A (ela1 pcl7), and JC1338-20C (pcl6 pcl7) cells were 

grown in YEPD to exponential phase (2 x 108 cells/ml).  2 μl of serial five-fold dilution 

was spotted subsequently and grown at permissive (30º) and non-permissive 

temperatures (39º).  The cells at 39º were grown for at least 2 days before 

photography. 
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In summary, the purpose of the experiments conducted in this chapter 

was to genetically determine if Elc1 controlled the in vivo function of Pcl6 and 

Pcl7.  Furthermore, we wanted to determine if Elc1 worked alone or in a 

complex to regulate Pcl6 and Pcl7 in vivo activity.  Knowing that Elc1 is a 

component of two DNA damage repair complexes in yeast that function in 

nucleotide excision repair (the NEF4 and Ela1 containing complex) and also 

stabilizes both Pcl6 and Pcl7, we hypothesized that both cyclins might also 

function in response to DNA damage specific to the nucleotide excision repair 

(NER) pathway.  DNA damage caused by 4-nitroquinoline oxide (4-NQO) 

activates the NER pathway thus 4-NQO was used to determine Pcl6 and Pcl7 

response to DNA damage.  We tested our hypothesis and our data show that 

Pcl6 and Pcl7 both play a role in DNA damage response.  Both cyclins are 

needed for the cells to tolerate DNA damage caused by 4-NQO.  Deletions of 

either cyclins or both cyclins enhance the cell sensitivity to DNA damage.  

Secondly, we used a glc7-R121K mutant strain that causes the cells to be 

dependent of Pcl6 or Pcl7 for growth at 39º to determine whether Elc1 

regulates the in vivo function of Pcl6 and Pcl7.  Our data show that Ecl1 

regulates the in vivo function of both Pcl6 and Pcl7, however, Elc1 regulates 

Pcl7 greatly compared to Pcl6.  Lastly, our data show that the Ela1 containing 

complex does not have a noticeable effect on the in vivo function of Pcl6 and 

Pcl7. 
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Chapter 4 
 

Two NER complexes stabilize Pcl6 and Pcl7 

The purpose of the experiments conducted in this chapter was to 

further characterize the NER complexes that stabilize Pcl6 and Pcl7.  Thus 

far, the results of the genetic data shown in earlier chapters reveal that the 

Elc1 containing complex that regulates the in vivo function of Pcl6 and Pcl7 is 

the NEF4 complex.  Deletion of elc1 in the NEF4 complex affects the in vivo 

function of Pcl6 and Pcl7.  The results of our genetic data rules out the 

possibility of the Elc1 in the Ela1 containing complex controlling the in vivo 

function of both cyclins (figure 3-7).   

To further this study, we created NEF4 mutant strains and determined 

whether the stability of Pcl6 and Pcl7 were affected.  Knowing that the NEF4 

complex stabilized Pcl6 and Pcl7, we hypothesized that NEF4 mutants will 

destabilize both cyclins.  Additionally, we hypothesized that; other NER 

complexes that stabilize Pcl6 and Pcl7, will also destabilize both cyclins when 

the components of that complex are mutated.  To test our hypothesis, we 

determined the stability of Pcl6 and Pcl7 in both wild-type and NER mutants. 

Results from our experiment show that both NEF4 and NEF2 complex 

stabilize Pcl6 and Pcl7.  Mutations in either complex significantly decreased 

the half-live of either cyclins.   
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Results 

We used strains that contained genomic PCL6-TAP and PCL7-TAP 

fusions controlled by their endogenous promoters to report the endogenous 

level of Pcl6 and Pcl7 proteins produced in the cell (Ghaemmaghami et al. 

2003).  To confirm these fusions functioned normally, we constructed glc7-

R121K strains to test their function.  In particular, both pcl7 PCL6-TAP glc7-

R121K and pcl6 PCL7-TAP glc7-R121K exhibited similar degrees of 

temperature sensitivity to the corresponding PCL glc7-R121K cells (figure 4-

1 and 4-2).  These findings indicated that the TAP tagged alleles produced 

fully functional proteins and faithfully report levels of their fused proteins.  

Thus, the fusions could be reliably used to assay factors that influence their 

intracellular abundance. 
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Figure 4-1:  Pcl6-TAP is fully functional. JC746-9D (wild-type), JC1454-9D (glc7-

R121K), JC1332-16D (pcl6 glc7-R121K), JC1331-26A (pcl7 glc7-R121K), JC1338-

20C (pcl7 pcl6 glc7-R121K), JC1600-1A (PCL6-TAP pcl6 glc7-R121K) were grown in 

rich medium (YEPD) to exponential phase.  Equal volume of serial five-fold dilutions 

were spotted on a YEPD plate and incubated at 39ºC.  Cells were grown for at least 

2 days before photography.  Cells grew as equally on control plate (data not shown). 
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Figure 4-2:  Pcl7-TAP strain is fully functional.  JC746-9D (wild type), JC1454-9D 

(glc7-R121K), JC1332-16D (pcl6 glc7-R121K), JC1331-26A (pcl7 glc7-R121K), 

JC1338-20C (pcl7 pcl6 glc7-R121K), JC1606-9D (PCL7-TAP pcl6 glc7-R121K), 

were grown in YEPD to exponential phase.  Equal volume of serial five-fold dilutions 

were spotted on a YEPD plate and incubated at 39ºC.  Cells were grown for at least 

2 days before photography.  Cells grew as equally on control plate (data not shown). 
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NEF4 complex stabilizes Pcl6 and Pcl7 

We compared the stability of Pcl6-TAP and Pcl7-TAP in wild-type and 

elc1 mutants.  The stability of these two cyclins was measured by monitoring 

protein levels after cycloheximide inhibition of protein synthesis (Materials and 

Methods).  Levels of Pcl6-TAP and Pcl7-TAP were assayed and quantified 

using anti-TAP immunolobots (Materials and Methods). Examples of the 

Western blots and degradation curves are shown (figure 4-3, 4-4).  We found 

that Pcl6-TAP was more stable (t1/2= 8.4 ±1.2 hours) compared to Pcl7-TAP 

(t1/2= 52 ± 7mins).  The elc1 deletion decreased both Pcl6-TAP and Pcl7-TAP 

stability (table 4-1).  Cells did not arrest at any particular stage in the cell 

cycle upon treatment with cycloheximide and cell viability decreased over 

time with treatment to an equivalent degree in all the NER mutant strains 

(data not shown).  Also, wild-type and NER mutants sensitivity to 

cycloheximide growth inhibition was tested and they all respond similarly 

(data not shown).  Therefore, elc1 mutation compromised the in vivo function 

of Pcl6 and Pcl7 because both cyclins were destabilized hence their levels 

were decreased to function effectively in cell growth and in response to 4-

NQO DNA damage (figures 3-2, 3-4, 3-6).   

Since Elc1 is found in both the NEF4 and Ela1 containing complexes 

(Ribar et. al. 2006; 2007), we investigated whether both complexes along with 

the NEF2 complex of the NER pathway stabilize Pcl6 and Pcl7.  We decided 

to study the NEF2 complex because it binds to the substrate of the NEF4 

complex, which is Rad4.  As recorded in table 4-1 below, the half-life of both 
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Pcl6-TAP and Pcl7-TAP decreased in all the mutant strains tested compared 

to wild-type.  Furthermore, the stability difference of either cyclin compared to 

wild-type were statistically significant in the NEF4 and NEF2 mutants, with the 

exception of the ela1 deletion strain.  These findings indicate that both the 

NEF4 and the NEF2 complexes stabilize Pcl6 and Pcl7 since a mutation in 

either complex destabilize the cyclins significantly.  On the contrary, our data 

also reveal that Ela1 containing complex does not stabilize Pcl6 and Pcl7 

since, a mutation in this complex did not have a significant effect on the 

stability of either cyclin compared to wild-type.  This finding is consistent with 

our in vivo studies, which showed no detectable effect of ela1 mutation on the 

in vivo function of Pcl6 and Pcl7 (figure 3-7). 
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Figure 4-3:  Western blot analysis of Pcl6-TAP in wild-type and rad23 mutants.  
JC1570 (wild-type) and JC1579-1A cells were grown in YEPD to exponential phase.  

Cells were treated with cycloheximide (CHX) and harvested at indicated times.  

Protein levels were determined by Western blotting and probed with anti-TAP and 

anti-rabbit antibodies (Materials and Methods). This image is one of two 

experiments.  Control cells were not treated with CHX (-CHX). 
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Figure 4-4:  Degradation curve of Pcl7-TAP in wild-type and NER mutants.  The 

relative protein level of Pcl7-TAP was developed as described in the Materials and 

Methods (WT = Wild-type).  This is one of two experiments.  The half-life and relative 

errors were calculated by fitting this data to a first order decay equation. 
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Table 4-1:  Stabilities of Pcl6 and Pcl7 
 
 
 

Genotype Pcl6-TAP Half-life 
(hours) 

Pcl7-TAP Half-life 
(minutes) 

Wild-type 8.4 ± 1.2 52 ± 7 

elc1 2.3 ± 0.5 * 30 ± 4 * 

ela1 6.5 ± 2.0 31 ± 5 

rad7 4.0 ± 0.2  * 24 ± 3 * 

rad16 4.9± 0.6 * 28 ± 3 * 

rad23 3.1± 0.3 * 21 ± 3 * 

 
 
 
 
 
Table 4-1:  Average half-life measured for two independent cultures. (Materials and 

Methods).  Half-life was compared to wild-type using the student t-test.  Asterisks 

indicate p< 0.05 (statistically significant) compared to wild-type. 

 

 

 

 

 82



In summary, our results show that Elc1 works in the NEF4 complex to 

stabilize Pcl6 and Pcl7.  These results conflict with the NEF4 complex 

functioning as an ubiquitin ligase to directly ubiquitinate Pcl6 and Pcl7, thus 

leading to their proteosomal destruction.  If the NEF4 complex ubiquitinates 

Pcl6 and Pcl7 and its ubiquitination promoted their destruction, then the NEF4 

mutants would have stabilized Pcl6 and Pcl7, but we observed the contrary.  

Our data also show that the NEF2 complex also stabilizes Pcl6 and Pcl7.  

This will be further discussed below.  Altogether, we interpret our data to be 

that; a fully functional NEF4 and NEF2 complex are required for normal Pcl6 

and Pcl7 stability.  We propose that Pcl6 and Pcl7 stability is decreased as a 

result of DNA damage accumulation.  Hence, in the presence of a defective 

NEF4 or NEF2 complex, DNA damage accumulates and consequently 

destabilizes Pcl6 and Pcl7. 

 

NEF2 complex stabilizes Pcl6 and Pcl7 

Interestingly, although Rad23 is not a component of the NEF4 

complex, its deletion also significantly decreases the stability of Pcl6 and Pcl7 

(Table 4-1).  This could be due to the regulatory role of Rad23 in the NER 

pathway (Sweder et al. 2002).  Even though Rad23 is a non-essential 

component of the NER pathway, it participates in DNA damage recognition, 

physically links the proteasome to ubiquitinated substrates and regulates 

ubiquitin chain elongation (Batty et al. 2000; Chen et al. 2002; Russell et al. 

1999).  Rad23 forms the NEF2 complex with Rad4, which is involved in the 
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recognition of DNA damage.  NEF2 also functions to recruit other factors to 

the DNA damage site (Batty et al. 2000).  The Rad7 component of the NEF4 

complex interacts with the Rad4 component of the NEF2 complex (Guzder et 

al. 1999; Prakash et al. 2000; Wang et al. 1997).  Both the NEF4 and Rad23 

control the steady state level of Rad4 (Lommel et al. 2002; Ng et al. 2003).  

Our data reveal a novel role of Rad23, a component of the NEF2 complex in 

controlling the steady state level of Pcl6 and Pcl7 similarly to the NEF4 

complex. 

 

Pcl6 and Pcl7 levels increase in cells treated with 4-NQO  

Considering our biochemical data that showed that both cyclins were 

less stable in both the NEF4 and the NEF2 mutants compared to wild-type, 

we propose that Pcl6 and Pcl7 stability decreased in the NEF4 and NEF2 

mutant strains due to DNA damage accumulation caused by the defective 

NER complexes.  Hence we hypothesized that the level of Pcl6 and Pcl7 will 

decrease after explicit DNA damage repaired by the NER pathway such as 

DNA bulky adducts caused by 4-nitoquinoline oxide (4-NQO) treatment.  To 

test this hypothesis, we treated wild-type cells expressing Pcl6-TAP and Pcl7-

TAP with two concentrations of 4-NQO (0.25 µg/ml and 2 µg/ml) and 

harvested the cells at different time points over 90 minutes.  The level of Pcl6 

and Pcl7 was determined by Western analysis and the relative protein value 

was calculated using phosphoglycerate kinase (Pgk1) as an internal control 

(Ribar et al. 2006).   
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If our hypothesis was true, we expected the levels of Pcl6 and Pcl7 to 

decrease in the 4-NQO treated cells compared to the untreated control cells.  

Surprisingly, we observed the opposite result.  The level of Pcl6 increased 

with exposure to 4-NQO (figure 4-3A).  This experiment was repeated three 

times and in all cases, Pcl6 and Pcl7 levels escalated with 4-NQO treatment. 

This finding suggests that, the NER complexes themselves also affect the 

stability of Pcl6 and Pcl7 either directly or indirectly.  Since the NEF4 complex 

functions as an E3 ubiquitin ligase and the Rad23 subunit of the NEF2 

complex contains an N-terminal ubiquitin like domain and also interacts with 

the 26S proteasome, perhaps upon DNA damage, both the NEF4 and the 

NEF2 complexes get activated by the DNA damage checkpoint and 

consequently target a E3 ubiquitin ligase of both Pcl6 and Pcl7 to the 

proteosome and as a result Pcl6 and Pcl7 become stabilized.  There in the 

NEF4 or NEF2 mutant strains, Pcl6 and Pcl7 become destabilized because 

their E3 ubiquitin ligase is still functional to target both cyclins to the 

proteasome for destruction.   

Curiously, the lower 4-NQO concentration (0.25 µg/ml) increased the 

Pcl6 level more compared to the higher 4-NQO-concentration (2 µg/ml).  In 

the graph for Pcl7 (figure 4-3B), it appears that, the high 4-NQO (2 µg/ml) 

decreased the level of Pcl7, but considering the standard deviation of the 

points plotted on the graph, Pcl7 level might be similar to the control level.  

However, similar to the Pcl6 data, certainly the lower concentration of the 4-

NQO (0.25 µg/ml) noticeably increased the level of Pcl7.  Altogether, our data 
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suggest that an intact functional NEF4 and NEF2 complex stabilizes Pcl6 and 

Pcl7.  We suspect a functional NEF2 and NEF4 complex is necessary to 

target the E3 ubiquitin ligase of both Pcl6 and Pcl7 for degradation as a 

result, the levels of Pcl6 and Pcl7 are stabilized. 
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Panel A: Pcl6 levels in cells treated with 4-NQO 
 
 

 
Time (minutes) 

 

 
 
Figure 4-3:  Pcl6 levels in cells treated with 4-NQO.  JC1449-21B (PCL6-

TAP:HIS3 PCL7-TAP:HIS3) cells were grown to exponential phase (0.7 A600).  Two 

different concentrations of 4-NQO (0.25 μg/ml and 2 μg/ml) were used to treat the 

cells.  Cells were harvested at indicated times.  The control culture had no treatment.  

Pcl6 (A) and Pcl7 (B) levels were determined via Western blot analysis using anti-

TAP antibody.  Pgk1, the loading control, was detected by anti-Pgk1 antibody.  The 

relative protein levels were calculated from the quotient of Pcl6-TAP or Pcl7-TAP/ 

Pgk1 signal ratio.  This experiment was repeated three times, and these are typical 

results. 
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Panel B: Pcl7 levels in cells treated with 4-NQO 
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To further expand on the finding that an intact NEF4 and NEF2 

complex is needed to stabilize Pcl6 and Pcl7, we studied the mRNA levels of 

both cyclins in wild-type cells treated with 4-NQO (2 μg/ml) via quantitative 

reverse transcriptase polymerase chain reaction (qRT-PCR) (see Materials 

and Methods).  Each qRT-PCR reaction was performed in triplicate.  Our data 

reveals that DNA damage increases the PCL7 mRNA level and did not alter 

PCL6 mRNA (figure 4-4).  We interpret this to mean that the DNA damage 

induction of Pcl7 is at a transcriptional level unlike Pcl6.  This induction could 

be attributed to the fact that the 4-NQO treatment, turned on the DNA 

damage checkpoint pathway, which activated it main effector protein kinase 

Rad53 and consequently turned on the transcription of the genes needed for 

the DNA damage repair and recovery.  Perhaps, Pcl6 and Pcl7 both function 

in DNA damage recovery, which could explain why they are stabilized and up 

regulated in the presence of DNA damage via the destruction of their E3 

ubiquitin ligase by the ubiquitin activity of the NEF4 and the NEF2 complex. 
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Figure 4-4:  Pcl6 (Δ, solid line) and Pcl7 (ο, dash line) mRNA levels in 4-NQO 

treated cells.  JC1449-21B (PCL6-TAP:HIS3 PCL7-TAP:HIS3) cells were grown to 

exponential phase (0.7 A600) and treated with 2 μg/ml 4-NQO and harvested at 

indicated times.  RNA was prepared from intact cells and used for quantitative 

reverse transcriptase polymerase chain reactions (qRT-PCR) (Materials and 

Methods).  Each qRT-PCR reaction was performed in triplicate.  PCL6 (Δ) and (ο) 

PCL7 mRNA values were divided by PGK1 mRNA value from each sample to give 

the relative mRNA level.  The treated versus untreated relative mRNA levels are 

plotted.  
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To further investigate the response of Pcl6 and Pcl7 to DNA damage, 

we studied the levels of Pcl6 and Pcl7 in the NER deletion mutants listed in 

table 4-1 in exponentially growing cells (asynchronous culture).  A defective 

NER pathway is unable to repair spontaneous DNA damage in the cell, thus 

DNA damage accumulates which eventually results in cell cycle arrest and 

ultimately cell death.  If the level of Pc6 and Pcl7 is indeed induced by DNA 

damage, then we expected their levels in the mutant strains to be higher than 

wild-type.  Our results confirmed our expectations.  We found the levels of 

both Pcl6 and Pcl7 were consistently high in all mutant strains compared to 

wild-type cells (Figure 4-5).  This experiment was repeated three times and 

similar results were obtained.  This data along with results from figures 4-3A 

and 4-3B show that, Pcl6 and Pcl7 levels are induced by DNA damage.  

Knowing that DNA damage occurs at the major transition points in the cell 

cycle (G1 phase, S-phase or mitotic phase), we examined whether the 

response of Pcl6 and Pcl7 to DNA damage was cell cycle specific.  Thus, we 

studied the levels of both cyclins in synchronized cells (See Materials and 

Methods).  This experiment was done twice and the results were not 

reproducible. 
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Figure 4-5: Levels of Pcl6 and Pcl7 are consistently high in NER mutants.  
JC746-9D (wild-type), JC1570 (elc1 PCL6-TAP), JC1598-2A (elc1 PCL7-TAP), 

JC1574-2A (ela1 PCL6-TAP), JC1607-1B (ela1 PCL7-TAP), JC1576-2A (rad7 PCL6-

TAP), JC1610-3B (rad7 PCL7-TAP), JC1575-1A (rad16 PCL6-TAP), JC1608-4D 

(rad16 PCL7-TAP), JC1579-1A (rad23 PCL6-TAP) and JC1610-3B (rad23-PCL6-

TAP) cells were grown to exponential phase (0.7 A600).  Cells were then harvested 

and the levels of Pcl6 and Pcl7 were determined via Western analysis.  Pcl6-TAP 

and Pcl7-TAP level was detected using anti-TAP antibody.  Anti-Pgk1 was used to 

detect Pgk1 as the loading control.  The graph shows the relative protein value (Y-

axis) of Pcl6 and Pcl7 levels. 
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Chapter 5   
Summary and Discussion 

 
Summary of Results 
The purpose of this project was to understand the regulation of two yeast 

cyclins, Pcl6 and Pcl7, as it relates to a Glc7 (an essential protein 

phosphatase in yeast) pathway in cell division.  Pcl6 and Pcl7 are two of the 

Pho85 cyclins whose regulation is not well understood.  Prior to this project, 

very limited information was known about Pcl6 and Pcl7.  We knew that Pcl6 

is phosphorylated, is likely to be destroyed by the proteasome, and Elc1 binds 

and stabilizes Pcl6 (Hyman et al. 2002).  PCL7, but not PCL6 mRNA is cell 

cycle regulated with the highest level in S-phase (Lee et al. 2000).  This 

project has increased our knowledge and understanding of Pcl6 and Pcl7 in 

four major areas that will be discussed below: stability of Pcl6 and Pcl7 at 

native expression levels; regulation of Pcl6 and Pcl7 by NER components; 

induction of Pcl6 and Pcl7 by DNA damage; role of Pcl6 and Pcl7 in DNA 

damage repair. 

 

Stability of Pcl6 and Pcl7 at native expression levels.  Although prior to 

our investigation, we knew Elc1 binds and stabilizes Pcl6 (Hyman et al. 

2002); we confirmed the stabilization in an assay using a different method.  

Earlier studies used a yeast strain expressing HA-tagged Pcl6 on a high copy 

plasmid with a galactose-inducible promoter transcribing HA-PCL6.  

Consequently, high levels of the encoded HA-Pcl6 were produced, which did 
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not accurately reflect the typical protein level.  In our studies, we used yeast 

strains that had a TAP- tag fused to genomic PCL6 and PCL7.  This way, we 

can assay the normal expression level of the cyclins under their native 

promoter, which more accurately reflects the intracellular abundance of the 

proteins.  Also, our method did not require galactose induction or plasmid 

selection.  We used rich glucose (YEPD) medium, which contained all the 

necessary nutrients the cells needed to survive, unlike the minimal raffinose 

plus galactose medium used by Hyman et al. that required the cells to make 

more nutrients in order to survive.  Nutrient limitation hinders cell growth and 

accordingly affects the level of proteins produced, which can compromise the 

protein stability.   

Our results show that Pcl6-TAP was more stable (t1/2 = 8.4 ± 1.2 hours) 

in YEPD medium compared to the selective minimal raffinose plus galactose 

medium used in the earlier studies to measure the HA-Pcl6 stability (t1/2 = ~2 

hours) (Hyman et al. 2002).  The difference between our results and Hyman 

et al. demonstrates that Pcl6 is regulated by multiple factors including growth 

conditions, strain genotype, and other factors such as DNA damage, which 

will be discussed later.   

To further this investigation, we used the same method to study the 

stability of Pcl7-TAP.  We determined that Pcl7 is less stable (t1/2 = 52 ± 7 

minutes) than Pcl6-TAP.  Knowing that Pcl6 and Pcl7 are highly related 

cyclins that belong to the Pho80 subfamily (Andrews et al. 1998), we 

investigated whether Elc1 also regulates Pcl7 stability.  We determined that 
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Elc1 also stabilizes Pcl7, which is novel (table 4-1).  Additionally, the elc1 

mutation has a greater noticeable effect on Pcl7 in vivo function in cell growth 

compared to Pcl6 (figure 3-2).  This observation can be attributed to the 

possibility that Pcl7 is a greater contributor to the Glc8 kinase activity, the 

stability difference of the two cyclins and the more abundant expression of 

Pcl7 in the cells compared to Pcl6.  For these reasons, the loss of Pcl7 

activity would be a dramatic loss for the cells to cope with; hence Glc8 kinase 

activity would be negatively affected, which will ultimately impinge on cell 

growth in the glc7-R121K cells used in the assay.. 

 

Regulation of Pcl6 and Pcl7 by the NER components.  Elc1 is a 

component of two complexes in yeast (NEF4 and Ela1 containing complex) 

that function in the nucleotide excision repair (NER) pathway.  We determined 

that Elc1 functions in only the NEF4 complex to stabilize Pcl6 and Pcl7 (table 

4-1).  Elc1 is a subunit of the NEF4 complex, which contains both Rad7 and 

Rad16.  Deletion of either rad7 or rad16 significantly decreased the stability of 

both Pcl6 and Pcl7.  This conflicts with the NEF4 functioning as the E3 

ubiquitin ligase promoting the destruction of Pcl6 and Pcl7.  On the contrary, 

although Elc1 forms a complex with Ela1, ela1 deletion did not significantly 

decrease the stability of Pcl6 and Pcl7 (table 4-1).  This is consistent with 

data from our in vivo studies that assayed the effect of ela1 deletion on the 

function of Pcl6 and Pcl7.  We show that ela1 deletion does not compromise 

the in vivo function of Pcl6 and Pcl7 (figure 3-7).   Interestingly, Rad23, which 
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is not in a complex with Elc1, also significantly stabilizes Pcl6 and Pcl7 (table 

4-1).  Rad23 forms the NEF2 complex with Rad4, which catalyzes the incision 

step in NER (Guzder et al. 1997).  Additionally, it functions as an ubiquitin 

receptor that has other roles beyond the NER pathway (Dantuma et al. 2009).  

It stabilizes Rad4 after UV irradiation (Lommel et al. 2002).  Perhaps, Rad23 

functions similarly to stabilize Pcl6 and Pcl7 upon DNA damage.  Also, since 

a defective NER destabilizes Pcl6 and Pcl7, it is possible that deletion of 

rad23 makes the NER defective and as a result destabilizes both Pcl6 and 

Pcl7.  In summary, not only did we confirm that Elc1 stabilizes Pcl6, but we 

have also shown that Elc1 stabilizes Pcl7 as well, and functions in the NEF4 

complex to regulate Pcl6 and Pcl7 stability.  Also, we show that the NEF2 

complex also regulates both cyclins as well.  Furthermore, since Elc1 binds 

Pcl6, one might speculate that the stabilization of Pcl6 by NEF4 could be 

rationalized by the fact that a Pcl6-NEF4 complex is resistant to degradation.  

However, the stabilization by Rad23 conflicts with this simple model and 

suggests that it is the function of the NER pathway and not mere binding that 

stabilizes Pcl6 and Pcl7. 

 

Induction of Pcl6 and Pcl7 by DNA damage.  Rad23 stabilization of Pcl6 

and Pcl7 is comparable to its role in stabilizing Rad4 after specific DNA 

damage that activates the NER pathway such as UV irradiation (Ramsey et 

al. 2004).  Similarly, Rad23 also stabilizes Pcl6 and Pcl7 in response to DNA 

damage that activates the NER pathway.  UV irradiation increases Rad4 
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protein level (Ramsey et al. 2004).  Although not reported, one could 

speculate that the increase Rad4 protein level could be attributed to an 

increase in the mRNA message level of RAD4 upon DNA damage.   Pcl6 and 

Pcl7 levels also increase in response to explicit DNA damage that activates 

the NER pathway.  Thus the increased Pcl7 level in response to DNA 

damage can be attributed to the direct effect of the increased PCL7 mRNA in 

response to 4-NQO as shown in figure 4-4.  PCL6 mRNA level did not show 

any significant increase compared to PCL7 mRNA level. This is consistent 

with results from Hyman et al. 2002 paper.  A Northern blot analysis of PCL6 

mRNA level in wild-type compared to elc1 null strain showed no noticeable 

difference in the PCL6 mRNA level between wild type and elc1 null mutant 

(Hyman et al. 2002). Perhaps, unlike Pcl7, Pcl6 is only regulated post-

translationally.  Earlier studies that used a high-copy plasmid with HA-Pcl6 

transcribed by a GAL1 promoter showed that Pcl6 is phosphorylated and 

targeted to the proteosome for destruction (Hyman et al. 2002).  We were 

able to confirm the phosphorylation of Pcl6 using the plasmid in our yeast 

strains via λ-phosphatase treatment (data not shown).   

Curiously, the protein levels of both Pcl6 and Pcl7 were consistently 

higher in cells treated with the lower 4-NQO concentration (figure 4-3).  We 

propose that maybe, Pcl6 and Pcl7 play a role in cell recovery from DNA 

damage.  Thus, when the cells were treated with the lower 4-NQO 

concentration, the NER pathway was activated and the damage was 

eventually repaired.  Therefore, Pcl6 and Pcl7 had to be up regulated to help 
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the cell recover from the DNA damage, hence the higher level of Pcl6 and 

Pcl7 expression in the lower concentration of the 4-NQO treated cells.  On the 

other hand, in the high 4-NQO treated cells, the DNA damage caused by 4-

NQO was probably too toxic for the cells to overcome.  The cells might have 

attempted to recover from the damage by the up regulation of both cyclins 

compared to wild-type levels, but eventually the levels of both cyclins either 

decrease or level out due to cell toxicity.   

To further investigate our hypothesis that, DNA damage specific to the 

NER pathway induces the level of Pcl6 and Pcl7 expression, we determined 

the level of both cyclins in NER null mutants in exponentially growing cells.  If 

our hypothesis was right, we expected the levels of both cyclins to increase 

compared to wild-type, because the NER null mutants will have spontaneous 

DNA damage that will accumulate over time due to malfunctioning of the NER 

pathway.  Our results confirmed this expectation.  Levels of Pcl6 and Pcl7 

increased in all the NER mutant strains compared to wild-type (figure 4-5). 

Altogether, our data identifies DNA damage as an input that increases 

the protein levels of both Pcl6 and Pcl7.  Furthermore, DNA damage induces 

Pcl7 level by regulating its transcription unlike Pcl6 levels which appears to be 

regulated post translationally.   

 

Role of Pcl6 and Pcl7 in DNA damage repair.  Figure 3-4 shows that both 

Pcl6 and Pcl7 function in DNA damage response.  Inevitably, the absence of 

either cyclin in addition to elc1 null mutation enhanced the cell sensitivity to 
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DNA damage response.  Hence, elc1 mutation compromises the in vivo 

function of Pcl6 and Pcl7 response to DNA damage caused by 4-NQO.  

Results shown in figure 3-5 and figure 3-6 suggest that Pcl6 and Pcl7 

response to DNA damage is dependent on Glc7.  Figure 3-6 also confirms 

that elc1 mutation compromises the in vivo function of Pcl6 and Pcl7 in DNA 

damage response even in the glc7-R121K strain.   

 

Discussion   

 Results from this project show that DNA damage controls the 

conditional activation of Glc7 by phospho-Glc8.  Thus the levels of both Pcl6 

and Pcl7 are up regulated to form an active complex with Pho85 to 

phosphorylate Glc8.  We propose that, Pcl6 and Pcl7 function with Glc7 in 

DNA damage recovery in reversing cell cycle checkpoints.  DNA damage 

checkpoints function to delay cell cycle progression in response to DNA 

damage or mitotic spindle damage, thus giving the cells time to repair the 

damage (figure 1- 4 and 1- 5).  Proper function of DNA checkpoint is 

essential for cell viability in the presence of DNA damage, thus release from 

the checkpoint must be tightly regulated such that it is delayed until repair is 

completed.  Knowing that DNA checkpoint activation consists of a 

serine/threonine phosphorylation cascade, one mechanism for turning off the 

checkpoint would be through dephosphorylation by a serine/threonine protein 

phosphatase.  Glc7, a serine/threonine protein phosphatase 

dephosphorylation has been shown to reverse mitotic cell cycle checkpoints, 
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such as the spindle checkpoint and DNA damage checkpoint.  Glc7 

dephosphorylates Ndc10 and Dam1 to ensure a bipolar attachment, which is 

essential for reversing the spindle checkpoint, which results in proper 

chromosome segregation (Cheeseman et al. 2002; Sassoon et al., 1999). 

 Once the DNA damage is repaired, proteins are dephosphorylated by 

protein phosphatases and cell division is resumed to recover from the DNA 

damage (Heideker et al. 2007).  Hydroxyurea treatment halts cell cycle 

progression by depleting deoxynucleoside triphosphate pool in the cell and as 

a result, stalls DNA replication.  Glc7 is involved in the recovery process of 

such damage (Bazzi et al., 2010).  Data in this thesis suggests that, Glc7 is 

also involved in the recovery process of DNA damage caused by 4-NQO.  We 

propose that the conditional activation of Glc7 by phospho-Glc8 is needed 

when the cells encounter DNA damage.  Phospho-Glc8 then activates Glc7 to 

dephosphorylate the main DNA damage effector kinases, Chk1 and Rad53, 

which would turn off the checkpoint signal after the DNA damage has been 

repaired.  Additionally, Glc7 dephosphorylation of Ndc10 and Dam1 ensure a 

bipolar attachment of the spindle to the kinetochore protein, which will reverse 

the spindle checkpoint.  Hence the cell cycle resumes.  

 Secondly, our data show that, DNA damage decrease the stability of 

both Pcl6 and Pcl7 (Table 4-1), with an increased protein level (Figure 4-5).  

Collectively, the data show that, the degradation and synthesis of both cyclins 

increase in response to DNA damage however at diverse rates.  The elevated 

protein levels of Pcl6 and Pcl7 in response to DNA damage indicate that, the 
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synthesis rate increased more than the degradation rate.  We determined the 

induction of Pcl7 protein in response to DNA damage, is at a transcriptional 

level unlike Pcl6, which did not show any significant increase in mRNA level 

(figure 4-4).  The model developed from the results of this experiment will 

focus on explaining the effect of DNA damage on Pcl7 alone because, Pcl7 is 

abundantly expressed compared to Pcl6, hence we suspect compromising its 

function will greatly affect the cell physiology more than Pcl6. 

Our Model 1 (figure 5-1) attempts to explain the increased PCL7 

mRNA level in the 4-NQO treated cells (figure 4-4) and the increase Pcl7 

protein level in the NER mutants (figure 4-5).  Alteration of gene expression 

is a cellular response mechanism to DNA damage.  Studies show that DNA 

damage incurred by methylmethane sulfonate (MMS) and 4-NQO induce the 

expression of a set of genes to facilitate the repair process (Gasch et al. 

2001).  MMS induce targets of the transcription factor Yap1 as well as the 

YAP1 gene.  Hence Yap1 is activated in response to MMS and consequently, 

induce the expression of its transcriptional targets.  Perhaps, the activation of 

Rad53, in response to DNA damage elicits a similar response on the 

transcription factor that binds to the PCL7 promoter.  Hence in response to 

DNA damage, Rad53 is strongly phosphorylated and activated by the sensor 

protein kinases Tel1 and Mec1 with the assistance of the mediator proteins 

Rad9 and Mrc1 (Lowndes et al. 2000).  Activation of Rad53 activates the 

PCL7 transcription factor, which leads to the induction of Pcl7 protein level.  

Pcl7 will then function in cell recovery by forming an active kinase complex 
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with Pho85 to phosphorylate Glc8.  Phospho-Glc8 then enhances the activity 

of Glc7, which then inactivates the main checkpoint protein kinases, Chk1 

and Rad53 via dephosphorylation to turn off the checkpoint signal once the 

damage is repaired.  Hence the cell cycle resumes.   
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Figure 5-1:  Proposed Model 1:  In response to DNA damage, Rad53 gets 

activated as one of the main effector protein kinases in the DNA damage checkpoint 

response pathway to ultimately halt the cells for the damage to be repaired.  

Simultaneously, Rad53 activates an unknown PCL7 transcription factor via 

phosphorylation, which induces PCL7 transcript and consequently elevates the 

expression of Pcl7 protein level to function in cell recovery after the DNA damage is 

repaired. “P” symbolizes phosphorylation. 
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Lastly, Model 2 (figure 5-2), attempts to explain the greater instability 

of Pcl6 and Pcl7 in the NER mutants (Table 4-1).  Rad53 stabilizes Pds1 

indirectly (Cohen-Fix and Koshland 1997).  Pds1 acts as an anaphase 

inhibitor to prevent sister chromatid disjunction (Yamamoto et al. 1996).  

Perhaps, similar to Pds1, Rad53 also stabilizes Pcl6 and Pcl7 indirectly.  

Rad53 indirectly stabilizes Pds1 and consequently halts the cells in 

metaphase by inhibiting Cdc20 from forming an active E3 ubiquitin ligase 

complex with the Anaphase promoting complex (APC) to ubiquitinate Pds1 

(Agarwal et al. 2003; Sanchez et al. 1999).  As a result, Pds1 does not get 

ubiquitinated and targeted to the proteosome for destruction.  Hence the cells 

halt in metaphase.  It is also possible that Rad53 indirectly stabilizes Pcl6 and 

Pcl7 by targeting the E3 ubiquitin ligases (s) of both Pcl6 and Pcl7 for 

destruction via phosphorylation thus stabilizing Pcl6 and Pcl7.  Collectively, 

data from this project indicate that the E3 ubiquitin activity of the NEF4 or the 

other Elc1 containing complex does not regulate Pcl6 and Pcl7.  Data from 

the rad23 studies of the NEF2 complex discredits the NEF4 complex from 

being the sole complex that controls the stability of Pcl6 and Pcl7.  Rather, 

the level of the DNA damage accumulated by the cell and the level of Rad53 

activation via phosphorylation control the stability of Pcl6 and Pcl7.  Hence, 

when the cells are exposed to DNA damage above the threshold, Rad53 gets 

phosphorylated and active at the appropriate level to phosphorylate and 

target the unknown Pcl6 and Pcl7 E3 ubiquitin ligase for degradation.  This 

stabilizes Pcl6 and Pcl7 to function in cell recovery from the DNA damage 
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once the damage is repaired.  Both the NEF4 and the NEF2 function to repair 

DNA damage in the cell.  However, since the stability of Pcl6 and Pcl7 is 

depended on the level of DNA damage accumulated in the cells, we propose 

that both Pcl6 and Pcl7 were destabilized in the NER mutants because, the 

endogenous DNA damage accumulated due to the defective NER complexes, 

was below the threshold to fully activate Rad53 to target the unknown Pcl6 

and Pcl7 E3 ubiquitin ligase for degradation.  Hence the unknown E3 ubiquitin 

ligase for Pcl6 and Pcl7 was active to target Pcl6 and Pcl7 for degradation.  

For this reason, both Pcl6 and Pcl7 were significantly destabilized compared 

to wild-type in the NER mutants (Table 4-1).  Therefore Elc1, Rad7, Rad16 

and Rad23 all function indirectly to control the stability of both Pcl6 and Pcl7. 

 

 

 

 

 

 

 

 

 

 

 

 

 105



 

PROPOSED MODEL 2 
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Figure 5-2:  Proposed Model 2:  When the DNA damage accumulated by the cells 

is above the threshold, Rad53 gets activated via phosphorylation to phosphorylate 

and target the unknown Pcl6 and Pcl7 ubiquitin ligase for degradation.  Hence 

stabilizing Pcl6 and Pcl7 for cell recovery from the DNA damage once the damage is 

repaired.  On the contrary, when the DNA damage incurred by the cells is below the 

threshold, the unknown Pcl6 and Pcl7 E3 ubiquitin ligase remains active and targets 

Pcl6 and Pcl7 for degradation. 
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Future directions  

Results from this work identify DNA damage as an input that regulates Pcl6 

and Pcl7, which controls the conditional activation of Glc7 by phospho-Glc8.  

However, the mechanism(s) by which this occurs need to be identified.  

Based on the proposed models, there are several experiments that can be 

conducted to investigate the validity of the proposed models. This includes:  

• Determining the unknown PCL7 transcription factor regulated by 

Rad53. 

• Determining if Chk1 and Rad53 are both substrates of Glc7 in vivo. 

• Determining the phosphorylation state of Chk1 and Rad53 in glc8 

mutant strains.  If our model is correct, deletion of glc8 will lead to the 

accumulation of phosphorylated Chk1 and Rad53. 

• Knowing the cell cycle phase when the cyclins are unstable will give us 

insight to the likely protein kinase(s) and ubiquitination machinery that 

regulates them.  This will give us a lucid reason for testing potential E3 

ubiquitin ligase(s) that control the stability of Pcl6 and Pcl7.  

Determining the answers to these questions will help us further understand 

mechanistically, how phospho-Glc8 regulates the conditional activation of 

Glc7 in response to DNA damage. 
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