
	  

 
 
 
 
 
 
 

ABSTRACT 
 

The role of MAC1 in copper tolerance of Saccharomyces cerevisiae nonsense-mediated 
mRNA decay mutants 

 
Danielle O’Connell 

 
Director: Dr. Bessie Kebaara 

 
 

The nonsense-mediated mRNA (NMD) pathway, present in most eukaryotic cells 

is a specialized pathway that leads to the recognition and rapid degradation of mRNAs 

with premature termination codons and some natural mRNAs. The regulation of natural 

mRNAs by NMD has been observed in organisms ranging from yeast to humans. Global 

expression profiling of the effect of NMD on mRNA levels in Saccharomyces cerevisiae, 

Drosophila melanogaster and humans show that approximately 10% of the transcriptome 

is affected when NMD is inactivated. The regulation of natural mRNAs by NMD has 

been most extensively studied in S. cerevisiae and has been shown to have physiological 

consequences.  We have shown that nmd mutants tolerate higher copper concentrations 

relative to wild-type yeast cells. The tolerance to high copper levels by nmd mutants is 

dependent on the presence of CTR2. CTR2 encodes a copper transporter of the vacuolar 

membrane that controls the flux of copper into the vacuole and is regulated by the NMD 

pathway in S. cerevisiae. Additional genes involved in copper metabolism in S. 

cerevisiae are also regulated by NMD. One of these genes is MAC1. The MAC1 gene in 



	  

S. cerevisiae is a copper-sensing transcription factor involved in the regulation of genes 

that are required for high affinity copper transport. In this research, we investigated 

whether the NMD pathway regulates MAC1 and the role that MAC1 plays in the copper 

tolerance of yeast cells.  
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CHAPTER ONE 
 

Introduction 
 
 

 
In  1996,  scientists  first  fully  sequenced  the  genome  for  eukaryotic  yeast  cells. 

They found  that  it  shared  many  similarities  with  multicellular  eukaryotes,  including 

humans,  making Saccharomyces cerevisiae an  important  model organism for  study. 

Although  the  function  of  many  genes  in  the  full  DNA  sequence  remains  unknown, 

Saccharomyces cerevisiae, or  Baker’s  yeast,  serves  as  an  organism  comparable  to  most 

eukaryotic cells, especially human cells, in that they share many commonalities in their 

genetic  material.  Scientists  often  use S.  cerevisiae as  a  model  organism  for  studying 

human diseases because of its easy manipulation and inexpensive maintenance (Geitz et 

al. 2001).  

The central dogma of biology is the flow of genetic information within a cell, or 

the transcription and translation of DNA to form a functional protein. DNA is transcribed 

to RNA, and polypeptides are synthesized based on a degenerate coding sequence.  This 

process is carried out by a number of mediators, with messenger RNA, or mRNA, being 

one of the most regulated. Because there are so many steps involved in the synthesis of a 

protein,  there  are  many  chances  for  error  to  occur.  It  is  important  that  the  mRNA  is 

degraded in the cell after translation has occurred in order to prevent unregulated protein 

synthesis. It is also important to regulate mutated mRNA levels before they are translated 

so that non-functional or truncated proteins are not formed within the cell. The cell has 
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several  quality  control  mechanistic  pathways  for  regulating  mRNA,  including  no-go 

decay (NGD), non-stop decay (NSD) and nonsense-mediated mRNA decay (NMD). 

Nonsense-mediated Decay 

The nonsense mediated mRNA decay pathway (NMD) is a pathway found in all 

eukaryotic cells that helps reduce errors in gene expression by regulating mRNA (Figure 

1.1). One function of NMD is to limit the production of C-terminally truncated proteins; 

hence,  it protects  the  cell  from  dominant-negative  or  gain-of-function  effects  (Silva 

2008).  This  occurs  through  degradation  of  mRNA  with  premature  termination  codons 

(PTC), which can encode a truncated protein. The general specificity of NMD decay is 

dependent on the translation termination; whether or not the protein will be aberrant is a 

key selection factor for NMD degradation (Parker 2012).  

Mutant  mRNA  with  a  PTC  can  arise  by  germ  line/somatic  mutations  or  by 

alternative  splicing,  but  wild-type  transcripts  may  also  contain  UGA stop codons, 

upstream open reading frames, or an inefficiently spliced intron, which would make the 

mRNA subject to regulation by the NMD pathway (Silva 2008). Thus, the pathway also 

regulates  natural  mRNA. Additional  natural  mRNAs  that  may  be  degraded  by  NMD 

include  those with  atypically  long  3’-UTR,  mRNAs  subject  to -1  ribosomal  frameshift 

signals, and mRNAs subject to leaky scanning throughout the translation process (Parker 

2012, Guan et al. 2006). 
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Figure 1.1- Nonsense-mediated decay mechanism. Translation begins at the start codon 
(AUG)  and  continues  until  premature  termination  codon  is  located  (UAG).  The Upf 
surveillance proteins (1,2,3) and release factors (eRF) assemble on the premature codon 
to  terminate  translation,  prompting deadenlyation-independent  decapping and  5’  to  3’ 
decay (Frischmeyer and Dietz 1999).  

 

 

Around  one  third  of  human  genetic  diseases  are  linked  to  mRNA  with  PTC. 

Depending  on  the  location  of  the  mutation,  regulation  of  mRNA  degradation  by  NMD 

can  be  either  beneficial  or  harmful  to  the  patient. Some  diseases,  such  as  Hurler’s 

syndrome,  Frasier  syndrome,  and  Duchenne  Muscular  Dystrophy  can  be  caused  by  the 

downregulation  of  important  mRNA  transcripts,  making  the  NMD  pathway  a  target  for 

drug therapy that would inhibit its function and allow an essential protein to be formed 

(Karam  2012).  Additionally,  NMD  is  linked  to  several  types  of  cancer.  Wang et  al. 

(2013) studied mRNAs that were upregulated by the inhibition of NMD in osteosarcoma 

cells. They found that the majority of these upregulated mRNAs encode for proteins that 

promote  tumor  growth  directly,  as  well  as  some  proteins  that  are  involved  in  the 
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metabolism of certain amino acids, which plays an important role in cancer progression 

(Karam 2012).  

NMD is dependent on three core proteins, which were originally discovered in S. 

cerevisiae, but  later  found  to  exist  in  multicellular  eukaryotes.  These  up-frame  shift 

(UPF)  proteins  are Upf1p,  Upf2p,  and  Upf3p, and  the  loss  of  any  of  these  proteins  has 

been shown to have a detrimental effect on the NMD pathway. More specifically, without 

one or more of these proteins, mRNAs that would typically be degraded by the pathway 

are  selectively  stabilized  (Deliz-Aguirre  et  al.  2011).  Although  the  three  proteins  are 

known  to  work  together  in  a  functional  NMD  pathway, UPF1 serves  as  the  main 

regulator. UPF1 dependent NMD degradation causes the aberrant mRNA to be destroyed 

so  that  no damaging  proteins  are  produced (Parker  2012).  The  specificity  of  NMD  is 

determined by translation termination factors as well as whether or not UPF2/UPF3 are 

associated with the mRNA after termination. When NMD is activated after recognition of 

a  PTC,  the  selected  mRNA  is  targeted  for enhanced  deadenylation, increased  rates  of 

degradation, and  translation  repression  (Parker  2012).  Disruption  of  normal Upfp 

function causes disruption of the NMD pathway and is used to study how NMD regulates 

gene  expression  in  yeast  cells.    Underexpression  of Upf2 and Upf3 can  be 

counterbalanced by overexpression of Upf1, but the reverse conditions do not allow for 

normal  NMD  function;  thus, Upf1 mutants are  ideal  organisms  for  studying  gene 

regulation  by  the  nonsense-mediated mRNA decay.  In  this  study,  we used UPF1 wild-

type  cells  and upf1Δ (lacking  a  functional  NMD  pathway)  to  study physiological 

consequences that result from mRNA regulation by NMD.  
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Copper Homeostasis in S. cerevisiae 

NMD has been shown to affect numerous physiological processes in S. cerevisiae, 

one of which is copper homeostasis within the cell. Copper is a metal that is essential in 

all  eukaryotic  cells.  It  is  involved  in  cell  metabolism,  mitochondrial  respiration, 

scavenging  of  reactive  oxygen  species,  and  iron  incorporation  in  cells  (Qi  et  al.  2012). 

Because  copper is  a  co-factor  to  many  cellular  processes,  the  disturbance  of  copper 

homeostasis is linked to many human diseases, such as Menkes syndrome, Lou Gehrig’s 

disease,  prion  disease,  and  iron  deficiency  anemia  (Labbe  and  Thiele  1999).  It  is 

important  that  cells  carefully  and  selectively  transport  copper  across  the  cellular 

membrane because if the cell is exposed to high levels of copper, the cell produces toxic 

superoxide radicals and ceases to function (Wang et al. 2013).  It has been shown that S. 

cerevisiae cells exposed to high levels of copper do not grow, which means that there is a 

notable  phenotypic  copper  intolerance  in  Baker’s  yeast. upf1Δ mutants,  or  cells  with  a 

nonfunctional  NMD  pathway,  have demonstrated increased tolerance  and  are  able  to 

grow in toxic levels of copper (Figure 1.2,  Deliz-Aguirre et al., 2011).  

Among many other proteins, Ctr2p has been extensively studied to determine its 

role in copper homeostasis. CTR2 is a copper transporter of the vacuolar membrane, thus 

it plays a very important role in regulating the levels of copper within the vacuole (Rees 

et al. 2004). It is known that CTR2 pre-mRNA undergoes alternative 3’-end processing, 

which produces two mRNA isoforms with 300 nt and 2 kb long 3’- Untranslated regions 

(UTRs), and is dependent upon the presence of HRP1/NAB4. HRP1/NAB4 is part of the 

cleavage  and  polyadenylation complex  involved  in  site  selection  in  cleavage  of  pre-

mRNA  (Minvielle-Sebastia  et  al.  1998).  The  longer  isoform  of CTR2 mRNA 
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accumulates  in  the HRP1/NAB4 mutant  (nab4-7),  which  is  shown  to  have  an  increased 

tolerance  to  toxic  levels  of  copper  only  if CTR2 is present  (Guisbert  et  al.  2007). 

Additionally, Hrp1p/Nab4p is shown to interact with Upf1p, a required protein for NMD 

(Gonzalez et al. 2002).  

Based on these data, Deliz et al. (2011) performed a study to determine whether 

or  not CTR2 isoform  accumulation  is  regulated  by NMD. They found  that  the  longer 

CTR2 mRNA  isoform  accumulates  in nmd mutants,  suggesting  that  functional  NMD 

degrades  the  atypically  long  3’-UTR CTR2 mRNA isoform.  Additionally,  a serial 

dilution growth study was performed to determine the rate of growth in CTR2 mutants, 

and  it  was  found  that  the upf1Δ  ctr1Δ double  mutant  cells  were  more  sensitive  to 

elevated  copper  levels  when  compared  with  the nmd mutant  (upf1Δ) (Figure  1.3). The 

expected  copper  tolerance phenotype of nmd mutants  is  disturbed  in  the  absence  of 

CTR2. The  regulation  of CTR2 by  NMD  suggests  that  the  pathway  may  regulate  other 

mRNAs involved in copper homeostasis as well. 
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Figure 1.2- nmd mutants express a higher tolerance to excess copper than wild-type 
yeast cells (Deliz-Aguirre et al. 2011). NAB4 was used as a control in this study. nab4-7 
is a temperature sensitive strain that has previously been proven to be more tolerant to 
toxic copper levels (Guisbert et al. 2007). 
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Figure 1.3- Deletion of the CTR2 gene renders nmd mutants as sensitive to copper as 
wild-type cell (Deliz- Aguirre et al. 2011). When exposed to high copper levels, the 
upf1Δ ctr2Δ cells have a similar phenotype to wild-type (UPF1). 
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MAC1 in copper homeostasis 

MAC1 (metal-binding  activator) is  a regulatory transcription  factor  that  is 

typically functional only at  low  levels  of  cellular  copper.  Although  the  precise  role  of 

MAC1 in copper homeostasis is unknown, studies suggest that it plays a role in activating 

a number of genes, including CTR2 (Qi et al. 2012). Iron deficiency upregulates CTR2, to 

which the cell responds by increased expression of MAC1. Additionally, MAC1 deletion 

eliminates  the  upregulation  of CTR2 in  copper  depleted  environments. Jungmann et  al. 

(1993) created a MAC1 loss-of-function mutant strain, mac1-1, and observed its growth 

in stressful conditions. They noted that mac1-1 cells grow at a slower pace than wild-type 

at all conditions tested. Also, mac1 mutants are hypersensitive to stressful conditions like 

heat, H2O2, and various metal exposures, and show a reduced uptake of copper and iron 

ions (Jungmann et al.1993).  

In  addition  to CTR2 and  additional  genes  (Table  1.1), CTR1, CTR3, FRE1 and 

FRE7 each have roles in regulating copper transport in S. cerevisiae. They are typically 

expressed  in  limiting  copper  conditions,  and  their  expression  is  regulated  by MAC1 

(Jungmann et al. 1993). Jensen and Winge (1998) also showed that Mac1p is stabilized in 

Cu-deficient cells and nonfunctional in excess copper. Regulation of transcription factors 

within the cell is highly important for gene expression, and there are two possible levels 

at  which  regulation  is  possible: concentration  and  activity  (Jensen  and  Winge 1998). 

Many  transcription  factor  polypeptides  may  be  produced,  but  when  they  are  unstable, 

they  are  rapidly  degraded.  Also,  activity  of  the  transcription  factor  is  determined  by  its 

localization,  DNA  binding,  and  transactivation  activity  (Jensen and  Winge 1998). 

Specifically, the DNA binding and transactivation activity of Mac1p are what prevent the 



transcription factor from being functional at higher levels of copper. Loss of DNA 

binding activity in the N-terminus of the polypeptide and transactivation inhibition in the 

C terminus are both copper dependent processes (Jensen and Winge, 1998). Direct 

binding of Cu to Mac1 prevents functional interactions from occurring, thus wild-type S. 

cerevisiae cells do not proliferate in high copper media. 

 

Table 1.1- Genes involved in copper homeostasis that are regulated by NMD in S. 
cerevisiae 
 

 

 

 

 

 



11	  

 In  this  study,  we investigate the  function  of MAC1 in  copper  homeostasis  and 

establish whether or not the NMD pathway regulates MAC1 mRNA. In order to do so, we 

performed PCR-mediated gene amplification of a MAC1 disruption fragment followed by 

transformation of the disruption fragment into wild-type (UPF1) and nmd mutant (upf1Δ) 

cells. This was done in order to create a strain of a wild-type mac1 mutant and an nmd 

mac1 double  mutant. The  effect  of  the MAC1 deletion  in  both  the  wild  type  and nmd 

mutant  strains  was  tested  in  variant  conditions.  The  difference  depended  on  levels  of 

copper, as MAC1 is typically functional at low levels of copper. Conditions that provided 

no, limiting amounts, and excess (toxic) copper were studied in this experiment.   
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CHAPTER TWO 
 

Materials and Methods 
 
 

PCR Disruption of MAC1 
 

To generate a MAC1 gene disruption fragment, polymerase chain reaction (PCR) 

with  Klentaq  DNA  polymerase  was  used. The  primers,  OBK230  (5’-

GGAGAAAAAGGAAAGGTGAGA-3’) and OBK231  (5’-GGTTCAAGA-

AGGTATTGACTTA-3’), create  a  disruption  fragment  of  the MAC1 gene.  This MAC1 

gene disruption fragment was to use in transformation of wild-type and nmd mutant yeast 

strains.  Transformation  (protocol  listed  as  LiAc  Yeast  Cell  Transformation)  with  this 

PCR product disrupts the MAC1 gene and replaces it with LEU2, flanked by 60 nt MAC1 

sequences on each side, providing a MAC1 knockout strain (Figure 2.1).  

For the PCR reaction, as per protocol, 39.5 µl of sterile water, 5.0 µl of Klentaq 

buffer (with MgCl2), 2.0 µl of 10 mM dNTP, 1.0 µl of each primer, and 1.0 µl of wild-

type  genomic DNA  was  added  to  .5  ml  sterile  microcentrifuge  tubes. The  cycling 

parameters are listed in Table 2.1 below. After the denaturation step, .5 µl of the Klentaq 

polymerase enzyme was added. The annealing step was repeated for 35 cycles, and, when 

the  amplification  was complete,  the  products  were held  at  4°C  until  ready  for 

visualization by gel electrophoresis (Ausubel et al. 1992, Promega). 

Table 2.1- PCR Cycling Parameters 
Process Temperature Time 

Denaturation 93°C 5 minutes 

Annealing 93°C 30 seconds 

 50°C 45 seconds 



 72°C  2  minutes  

Amplification  72°C   10  minutes  

 4°C  hold  

 
Figure 2.1- Fragment amplified via PCR used to knock out MAC1. The PCR primers 
amplified LEU2 flanked by MAC1 sequences on each side.  

 
 

 

Diagnostic Gel Electrophoresis 

The PCR products were visualized on a .8% agarose gel using gel electrophoresis 

in order to determine whether or not PCR products were created. The percentage of 

agarose in the gel determines the resolution of varying lengths of genetic material (Table 

2.2). The gel was prepared using 50 ml of 1 x TAE electrophoresis buffer and .4 g of 

agarose, along with 3 μl ethidium bromide (10 mg/ml) for visualization of nucleic acids. 

5 μl of the PCR product was loaded with 3 μl of loading dye and run next to 2 μl of 1 Kb 

Plus DNA ladder from Invitrogen (Ausubel et al. 1992, VWR Horizontal Agarose Gel 

Electrophoresis System). Electrophoresis separates genetic material based on size using a 
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power source that creates a positively charged anode and a negatively charged cathode. 

DNA is negatively charged, so when it is electrophoresed, it moves toward the positive 

anode. Smaller fragments move more quickly than larger fragments, and a DNA ladder is 

typically used to approximate the size of the fragment in question. The expected size of 

the PCR product was 1845 nucleotides (nt).   

 

Table  2.2- Effective  Resolution  at  Different  Agarose  Levels.  .8%  was  used  for  this 
study because the expected length of the MAC1 deletion fragment is 1845 nt.  
Percent Agarose Effective Range of Resolution for Linear DNA Fragments (kb) 

.5% 1 to 30 

.7% .8 to 12 

1.0% .5 to 10 

1.2% .4 to 7 

1.5% .2 to 3 

 

Gel Purification of the PCR Product 

If the diagnostic gel showed that there was a PCR product of the expected size, then 40 µl 

of the MAC1 deletion PCR product was run on a gel and extracted from the agarose gel. 

The  PCR  product  was purified  using  a  QIAquick  Gel  Extraction  Kit. An  additional 

diagnostic  gel  was  run  to  check  for purity (Qiagen,  Ausubel  et  al. 1992).  If  the  gel 

purification  was successful,  a single  band was  expected  around  1845  nt  and  the  DNA 

concentration was quantified using the nanodrop.  
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LiAc Yeast Cell Transformation 

Genetic “transformation” was first coined in 1928 to describe heritable changes in 

Pneumococcus,  but  is  now  used  to  describe  the  uptake  of  DNA  in  prokaryotic  and 

eukaryotic  organisms  (Geitz  and  Woods  2001). Different  transformation techniques 

include  spheroplasting,  glass  bead  transformation,  electroporation,  biolistic 

transformation,  and  the  Lithium  Acetate (LiAc)/PEG  method.  Most  techniques  involve 

disrupting  the  yeast  cell  wall  in  order  to  insert  desired DNA,  but  in  the  LiAc  method, 

alkali cations are used with polyethylene glycol (PEG) to stimulate DNA uptake by intact 

cells. LiAc was used in this experiment because it is fast, low cost, and effective, and it is 

ideal for genetic research in yeast cells (Gietz and Woods 2001). 

 
Table 2.3- Saccharomyces cerevisiae strains used in this study 
Strain Genotype Source 
W303 (BKY8) a,  ade2-1,  ura3-1,  his3-

11,15, trp1-1,  leu2-3,112, 
can1-101 

Wente et al. 1992 

AAY320 (BKY43) a,  ade2-1,  ura3-1,  his3-
11,15,  trp1-1,  leu2-3,112, 
can1-100 

UPF1::URA3 (upf1-Δ2) 

Kebaara at al., 2003 

W303  (BKY8)  (mac1 
deletion) 

a,  ade2-1,  ura3-1,  his3-
11,15,  trp1-1,  leu2-3,112, 

can1-101 mac1Δ 

this study 

AAY320  (BKY43)  (mac1 
deletion) 

a,  ade2-1,  ura3-1,  his3-
11,15,  trp1-1,  leu2-3,112, 
can1-100 

UPF1::URA3  (upf1-Δ2) 
mac1Δ 

this study 

AAY175 (BKY7) lys2 his1 trp1 cyc1-512 Fred Sherman’s Lab 

 
The purified MAC1 deletion fragment was transformed into the wild type (BKY8) 

and nmd mutant (BKY43) yeast  strains to  create  two  new  strains:  wild  type mac1 
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mutants, and nmd mac1 double mutants (Table 2.3). To transform the yeast cells into two 

new  strains, colonies  of  wild-type  and nmd mutant cells were  inoculated  overnight  in 

YAPD  media  and  diluted  to  an  OD600 of  0.1  (about  3  X  10
6 cells).  The  cells  were  then 

grown OD600 of 0.4 -0.6 (about 1 X 10
7 cells) and pelleted by centrifugation. They were 

washed once with  LiAc  solution.  100 µl  of  these  cells,  along  with  1µg  of gel  purified 

DNA 600 µl of polyethylene glycol (PEG) solution, and 10 µl of carrier DNA, were then 

incubated at 30°C for 30 minutes and heat shocked at 42°C for 15 minutes, followed by 

pelleting and resuspension in one ml of sterile water. After resuspension, the cells were 

plated  by  spreading  on  leucine dropout (-leu) media  and  incubated  at  30ºC  until 

transformants  appeared (Gietz  et  al.,  1992,  Gietz  and  Wood,  1998). The wild-ype  and 

nmd mutant strains are LEU2 auxotrophs,  so  they  were  not  expected  to  grow  on  the 

leucine dropout media due to the lack of LEU2 in their DNA. Thus, if the transformation 

was successful, the MAC1 deletion strains containing LEU2 were expected to grow.  

Four leucine  dropout plates  were  used:  two  plates  containing MAC1 deletion 

fragment transformed  into wild  type  and nmd mutant  strains, and  two  controls  that 

contained sterile water in place of MAC1 disruption DNA. As an additional control, the 

water-containing samples were plated on YAPD media to assure that the yeast cells were 

viable and would provide the desired transformants.  

 

Genomic DNA Preparation 

After  incubating  the  transformants  for  3  days  at  30ºC, BKY8 mac1Δ (wild-type 

strains  with MAC1 deleted) and BKY43 mac1Δ  (nmd mutants  with MAC1 deleted) 

colonies  were  picked  for  isolation  of  genomic  DNA.  One  colony  of  each  culture  was 
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grown  in  10  ml  YAPD  overnight.  The  cells  were  transferred  to  a  45  ml  sterile  tube, 

pelleted, and then resuspended in 500 µl of sterile water. They were then transferred to a 

1.5  ml  sterile  tube,  pelleted,  and  the  aqueous  supernatant  was  removed.  200 µl  of 

breaking  buffer  was  added,  along  with  200  µl  of  phenol-chloroform  solution  (25:25). 

Next, .3 g acid washed glass beads (425-600 microns, Sigma G-8772) were added to each 

tube and vortexed for 3 minutes. 200 µl of TE buffer (pH 8.0) was added and the tubes 

were centrifuged at room temperature for 5 minutes. The aqueous layer was transferred to 

a new 1.5 ml sterile tube and 1 ml of 100% ethanol was added. After mixing, the tubes 

were  pelleted,  supernatant  was  discarded,  and  the  pellets  were  dried  at  37ºC  for  5 

minutes. The pellets were resuspended in 400 µl TE buffer, and then 30 µl of RNase A (1 

mg/ml) was added to each tube. They were incubated for 10 minutes at 37ºC, and then 10 

µl  of  4M-ammonium  acetate  and  1  ml  of  100%  ethanol  was  added  to  each  tube  and 

mixed. The tubes were spun for 2 minutes, supernatant was discarded, and pellets were 

dried  for  5  minutes  at  37ºC.  The  pellets  were  resuspended in  50  µl  of  TE  buffer. 

(Hoffman and Winston 1987).  

Each tube is suspected to contain 2-4 mg of DNA, which can be quantified using 

a  nanodrop. 5  µl  of  each  product  (plus  2  µl  of  loading  dye) was visualized  on  a  .8% 

agarose  gel  using  gel  electrophoresis  (Ausubel  et  al. 1992).  Duplicate  samples  of  both 

deletion strains were used to isolate genomic DNA.  

 

PCR amplification of MAC1 using genomic DNA from mac1 deletion strains 

Each  of  the  prepared  genomic  DNA  samples  were  used  in  a  hot-start  PCR 

according  to protocol. An  additional  tube  containing  a  positive genomic DNA  control 
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(from a yeast strain with an intact MAC1 gene) was cycled under the same parameters. 

The primers  OBK204 (5’- ATAATATTTAATGGGAACAAATATG-3’)  and  OBK205 

(5’-GATTCGCTACGGTGGTGAAG-TATT-3’) were used  in  this  PCR to amplify 

MAC1. The parameters are listed in the following table. Klentaq polymerase (.5 µl) was 

added after the denaturation step. The annealing step took place in 35 cycles and the PCR 

products were held at 4ºC until used for analysis (Ausubel et al. 2002,  Promega).  

Gel electrophoresis on a .8% agarose gel was used to visualize the PCR products. 

5  µl  of  each  PCR  product  (combined  with  2  µl  loading  dye)  was  electrophoresed 

alongside 2 µl of 1 Kb plus DNA ladder. We expected that the positive control was the 

only  sample to show  PCR  product  on  the gel  because  the  intact MAC1 gene  was 

amplified (Ausubel et al. 2002) 

Table 2.4- PCR Cycling Parameters 
Process Temperature Time 

Denaturation 93°C 5 minutes 

Annealing 93°C 30 seconds 

 45°C 45 seconds 

 72°C 2 minutes 

Amplification 72°C 10 minutes 

 4°C hold 

 
 

Serial Dilution Growth Tests: 

After determining that the MAC1 gene was deleted from wild type mac1 mutant 

and nmd mac1 double mutants, a serial dilution growth test, or a drop test, was performed 

to compare the rate of growth between yeast strains. A colony was picked from each of 

the  following  cultures: BKY8  (wild-type),  BKY43  (nmd mutant),  BKY8 mac1Δ (wild-

type mac1 mutant), and  BKY43 mac1Δ (nmd and  mac1  double  mutant)  and inoculated 
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overnight in 3  ml  of  complete  minimal  media.  Next,  10  ml  of  fresh complete  minimal 

media was inoculated overnight with varying amounts of the saturated samples from the 

first overnight culture. They were left to grow until the optical density reached OD600  .4-

.6. Four dilutions were then prepared with sterile water for each sample: 100, 10-1, 10-2, 

and 10-3.  5 µl of each dilution was spotted on plates in order of decreasing concentration. 

Four culture plates containing different levels of copper were used for analysis because 

MAC1 is  a  gene  of  interest  in  copper  tolerance.  A  plate  containing  complete  minimal 

(CM) media was used as the control, and plates containing CM + 1 mM Cu and CM + 

600 µM, were compared after 3 days of incubation at 30ºC. It was expected that the nmd 

mutants would show enhanced growth in toxic levels of copper, as previously observed 

(Deliz-Aguirre et al. 2011). Additionally, the mac1 mutant strains would have enhanced 

growth in the plats containing copper because MAC1 is a regulatory transcription factor 

at  low  levels;  therefore,  deletion  of MAC1 allows  for  transcription  of  the  copper 

regulating genes previously described (see introduction) in toxic levels of copper as well.  
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CHAPTER THREE 

 
Experimental Results 

 
 

 After the generation of a MAC1 disruption fragment, a diagnostic agarose gel was 

run. The gel was used to ensure that the deletion fragment was created and could be used 

in the transformation process. The expected size of the MAC1 deletion fragment was 

1845 nucleotides. A product was identified at 1845 nt, so the band was cut out of the gel 

and purified as described in materials and methods. The purified MAC1 deletion fragment 

was visualized on a second diagnostic agarose gel (Figure 3.1). Because there are no 

additional bands surrounding the single band at 1845 nt, we concluded that the deletion 

product was pure and may be used for transformation.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 3.1- Gel purified MAC1 deletion fragment. The .8% agarose gel was loaded 
with 3 μl of1 kb plus DNA ladder in the first well and 5 μl of purified MAC1 deletion 
fragment in the second well. The single band at around 1845 nt represents a pure DNA 
fragment of LEU2 flanked by MAC1 as depicted in Figure 2.1 (Chapter Two). 

1 Kb+ DNA 
 ladder 

MAC1 
deletion 
fragment 

2000 nt 
1650 nt 

1845 nt 
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The purified PCR product was then transformed into wild-type and nmd mutant 

yeast strains. The transformants were plated on rich media (YAPD) and leucine dropout 

media. After incubation for three days, colonies of both the wild-type (BKY8) and nmd 

mutant (BKY43) MAC1 deletion transformants had grown, as expected. [However, as 

previously observed by Jungmann et al. (1993), it was noted that mac1 mutants grow 

more slowly than wild-type strains.]  The wild-type and nmd mutant yeast strains are 

LEU2 auxotrophs, meaning that they cannot grow in media lacking leucine unless they 

have the LEU2 gene.  Because the MAC1 gene was not disrupted using LEU2 in the no-

DNA control, they do not have LEU2 and did not grow on the leucine dropout plates. 

Both no-DNA control samples on YAPD media were expected to grow, as observed. A 

summary of the transformation results is listed in Table 3.1 below. 

Strain Media Growth Expected Growth Observed 
(colonies used for genomic DNA) 

BKY8 (control) YAPD Yes Colonies TNTC 
BKY43 (control) YAPD Yes Colonies TNTC 
BKY8 (control) -leu No 0 
BKY43 (control) -leu No 0 
BKY8 mac1Δ -leu Yes Did not record (2) 
BKY43 mac1Δ -leu Yes Did not record (2) 
 
Table 3.1- LiAc Yeast Transformation Results- This table provides a summary of the 
expected and observed results of the transformation of the MAC1 disruption fragment 
into wild-type and nmd mutant cells. The YAPD plates contained colonies too numerous 
to count (TNTC). Two colonies of both the MAC1 deletion strains were picked for 
isolation of genomic DNA.  
 

Genomic DNA was isolated from the LEU2 transformants to determine whether 

the MAC1 gene was disrupted. Two colonies each of the wild-type (BKY8) and nmd 

mutant (BKY43) mac1 deletion transformants. 5 μl of the DNA was then electrophoresed 

to show that the genomic DNA preparation was successful (Figure 3.2). 
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Figure 3.2- Genomic DNA isolation .The 0.8% agarose gel was loaded with 1 kb plus 
DNA ladder in the first well and 5 μl of genomic DNA from each colony in wells two 
through five.  It was used to check that genomic DNA was extracted from the 
transformed cells as described in chapter two.  

 

The genomic DNA was then used as the template DNA in PCR reactions to assure 

that the desired transformation, replacement of MAC1 with LEU2, had occurred and that 

the MAC1 gene was no longer present. The primers in this PCR reaction amplify the 

MAC1 gene specifically. Because only MAC1 is amplified, no product was visualzed on 

the diagnostic agarose gel for the deletion strains (Figure 3.3). The positive control strain 

(BKY7), which contains a MAC1 gene, produced a single band after electrophoresis, 

indicating PCR amplification of MAC1 was successful.  
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Figure 3.3- PCR Amplification of the MAC1 gene. The agarose gel shows the PCR 
amplification of MAC1 using genomic DNA prepared from two colonies of both MAC1 
knockout strains, as well as a positive control in well six. A 1 kb plus DNA ladder was 
used in wells one and seven.  
 
  
 
  

A serial dilution drop test was performed to compare the growth of the wild-type 

and nmd mutant MAC1 knockout strains with the wild-type and nmd mutant strains. It 

was expected that both the nmd mutants and mac1 mutants would grow faster than the 

wild-type in high copper media (600 μmol and 1 mmol Cu). After four days of incubation 

at 30° C, we could see that both the wild-type and nmd mutant mac1 mutants were able to 

grow in toxic levels of copper (Figure 3.4). Unfortunately, the wild-type (UPF1) 10-3 

dilution was not spotted on any plate, so comparisons cannot be made at this time. 

However, by analyzing the 100-10-2 dilutions on both plates containing copper, we can see 
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that the MAC1 deletion strains grew faster than the wild-type (UPF1) and at a rate similar 

to the nmd mutant (upf1Δ).  

 

 
Figure 3.4- Serial Dilution Test. 5μl of each dilution was spotted on media containing 
CM and various levels of copper and left in a 30°C incubator for four days. 
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CHAPTER FOUR 

Summary and Discussion 
 
 

Saccharomyces cerevisiae, or Baker’s yeast, utilizes many intracellular pathways 

to control the products of transcription and translation so that the cell remains viable in 

varying conditions. The nonsense-mediated decay pathway (NMD) is a regulatory 

pathway targeting mRNAs with premature stop codons and some natural mRNAs. The 

three core proteins necessary for NMD are Upf1p, Upf2p, and Upf3p, and the absence of 

any of the three may render the NMD pathway nonfunctional. In our studies, we used 

wild-type S. cerevisiae cells in comparison with nmd mutants, created by a Upf1p 

deficiency to determine how NMD affects copper homeostasis in S. cerevisiae. 

Copper homeostasis is another important topic of interest because copper plays 

many roles in maintaining proper intracellular function. Copper can be toxic at elevated 

levels, thus cells have developed ways to regulate intracellular copper levels. It has been 

shown that S. cerevisiae cells with a nonfunctional NMD pathway are able to withstand 

toxic levels of copper (Deliz-Aguirre et al. 2011). Therefore, the role of NMD in 

regulation of the genes involved in copper homeostasis is the basis of this study. Deliz et 

al. (2011) showed that NMD regulates the levels of CTR2 mRNA in yeast cells. They 

also showed that the phenotype of yeast cells with a CTR2 disruption and a nonfunctional 

NMD pathway is likened to the wild-type phenotype in toxic levels of copper; thus, 

CTR2 is required for nmd mutant cells to maintain copper tolerance.  



26	  

As described in chapter one, Mac1p, a transcription factor typically functional 

only at low levels of copper, has been shown to regulate CTR2 (among other genes 

required in copper homeostasis), therefore, CTR2 is a gene of interest in NMD and 

copper tolerance studies. The purpose of this study was to determine the physiological 

consequences of deleting MAC1 in wild-type and nmd mutant yeast strains Specifically, 

we investigated how wild-type and nmd mutants with a MAC1 deletion would react in 

high copper environments.  

The study was performed by creating new strains of yeast cells: mac1 mutants 

with a functional NMD pathway, and mac1 mutants with a nonfunctional NMD pathway. 

The transformation of the MAC1 disruption fragment created viable, yet slow-growing 

yeast cells. The genomic DNA isolated from colonies of the transformants was used in 

PCR amplification of MAC1, which led us to conclude that the cells no longer had a 

functional MAC1 gene. Finally, a serial dilution drop test was used to observe growth in 

varying copper levels.  

MAC1 is responsible for activating certain genes involved in copper homeostasis 

when the cell is exposed to low levels of copper. We were interested in observing the 

response of mac1 mutants in elevated copper. It was expected that the nmd mutants 

would be more tolerant to toxic levels of copper, as observed in this study. Additionally, 

both of the mac1 mutants (with and without UPF1) were better able to withstand toxic 

levels of copper than the wild-type (Figure 3.4). The phenotype of nmd mutants was not 

dependent on the presence of MAC1, but the wild-type strain showed a phenotype when 

MAC1 was absent, which has not previously been observed. The wild-type MAC1 mutant 

was more tolerant to toxic levels of copper. From this we conclude that MAC1 plays a 
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role in wild-type copper sensitivity. The phenotypic effect of MAC1 disruption was 

opposite of the CTR2 study, suggesting that the absence of MAC1 causes a misregulation 

of copper transport that will be further investigated. Because both UPF1 mac1Δ and 

upf1Δ mac1Δ strains withstand elevated copper levels, the role of NMD in regulating 

MAC1 should be studied further.  

 

Future studies 

 Several questions have developed from the data collected in this experiment. 

First, it is important to determine how well mac1 mutants grow in media containing low 

copper. Although we used two different concentrations of copper for the original serial 

dilution test (600 μmol and 1 mmol), both are still considered toxic in standard 

conditions. Any concentration below 100 μmol should be tested next. We tried to repeat 

the experiment, but the DNA concentrations of the MAC1 gene disruption fragment after 

gel purification were too low to recreate the transformants (Figure 4.1).  For future 

studies, the gel purified DNA fragment will be concentrated and used as the template 

DNA in the PCR disruption of MAC1 (as listed in chapter two) in order to have a higher 

yield of the MAC1 deletion fragment to use for transformation. When viable 

transformants are created, we will repeat the serial dilution drop test and compare the low 

copper media samples to those with no copper and toxic copper.  
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Figure 4.1- Gel purified DNA concentration. A 1 μl sample of the purified DNA was 
placed on a nanodrop to measure the concentration of DNA. The total concentration was 
26.89 ng/μl. 1μg is typically sufficient for transformation of linear DNA into yeast cells.   
 

 Next, it is of interest to determine whether MAC1 mRNA is a direct or indirect 

target of NMD and further examine the physiological consequences of regulation by 

NMD. This will be done by studying MAC1 mRNA in both wild-type and nmd mutants, 

because the wild-type MAC1 deletion strain showed a phenotype in toxic levels of 

copper. Analysis of the MAC1 mRNA by performing 3’-RACE and synthesizing RNA 

constructs with different 3’-UTR lengths will show whether or not the 3’-UTR of MAC1 

triggers NMD. From there, regulation of MAC1 (and other genes involved in copper 

homeostasis) by NMD in different levels of copper can be further analyzed.  
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