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Abstract 
 

 hMRE11 has recently been implicated as a primary factor in human mismatch repair 

(MMR), a process which acts to improve DNA replication fidelity.  Mutations in hMRE11 have 

been identified in human nonpolyposis colorectal cancer (HNPCC) related tumors and in vivo 

mutator assays suggest that knockdown of this gene causes frameshift mutations.  I report that 

the deletion of MRE11 from the Saccharomyces cerevisiae genome increases the mutation rate 

but does not significantly enhance the rate of frameshift mutations as seen in other yeast MMR 

mutants.  In addition, unlike in mammalian systems, I was unable to observe yeast two-hybrid 

interaction between MRE11 and MLH1.  This combined evidence suggests that MRE11 is 

unlikely to be a major player in yeast MMR. 
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Introduction 
Overview of Mismatch Repair 

Mismatch repair (MMR) is a proofreading process that is utilized by prokaryotes and 

eukaryotes to maintain genome stability and enhance DNA replication fidelity.  The MMR 

proteins correct misincorporation errors that occur during replication, homologous 

recombination, and from DNA damage.  In eukaryotes, DNA polymerase Polδ proofreads DNA 

and is capable of reducing the number of misincorporation events to approximately 1 in  

10 million (Modrich and Lahue 1996).  This equates to approximately 300 mutations per round 

of replication of the human genome.  The mismatch repair system acts to further reduce the 

misincorporation rate to approximately 1 in 10 billion, or less than one mutation per replication 

of the human genome (Schaaper 1993; Modrich and Lahue 1996).  In addition, the MMR 

proteins are involved in preventing recombination between divergent DNA sequences and there 

is evidence to suggest that they play a role in activating cell cycle checkpoints in response to 

DNA damage (reviewed in Schofield and Hsieh 2003; Kunkel and Erie 2005).  A hallmark of 

MMR deficiency is an increase in microsatellite instability (MSI).  MSI occurs during 

replication, when DNA polymerase slips off of mono- or dinucleotide sequences and reanneals 

out of frame creating a loop on the template or daughter strand.  If these loops go unrepaired an 

insertion or deletion is generated which may cause a frameshift mutation (Kunkel and Erie 

2005). 

 
Mismatch Repair in Prokaryotes 

Mismatch repair in Escherichia coli has been thoroughly reconstructed and examined in 

vitro (Reviewed by Kunkel and Erie 2005; Schofield and Hsieh 2003).  Mismatch repair is 

coupled to DNA replication so that mismatches are removed by excising the newly replicated 
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strand (Fig. 1).  In this system MutS, the protein responsible for initiating MMR, is capable of 

recognizing 7 of the 8 possible nucleotide mismatches.  It is unable to recognize C:C mispairs.  

MutS also recognizes loops of 1-4 nucleotides in length that are created as a result of small 

insertions or deletions.  It has been shown through X-ray crystallography that when MutS binds 

to a base-base mismatch, a highly conserved phenylalanine within domain I of the MutS subunit 

A intercalates into the DNA backbone and base stacks with the mispaired nucleotide (Obmolova 

et al. 2000).  This base stacking is thought to play a key role in allowing MutS to recognize 

mismatches.  In support of this idea is the fact that a mutation which alters this phenylalanine 

residue confers a strong mutator phenotype (Yamamoto et al. 2000). 

 
 
Figure 1 | Prokaryotic Mechanism for Mismatch Repair.  MutH nicks DNA at transiently hemimethylated GATC 
sites to direct excision and repair. 

 

  When MutS binds a mismatch in the presence of ATP, it recruits MutL to the repair site.  

MutL is the matchmaker protein of the prokaryotic system.  It is responsible for the coordination 

of multiple downstream steps in MMR, including activation of the latent endonuclease activity of 
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MutH.  Once activated, MutH is capable of discriminating between the nascent and template 

strands during replication.  This discrimination process is facilitated by DNA methylation at 

GATC sites in the E. coli genome.  After completion of DNA replication, DAM methylase 

locates and methylates these GATC sequences.  During replication these sites are transiently 

hemimethylated, with the nascent strand lacking a methyl group.  MutH locates these 

temporarily unmethylated GATC sequences and creates a nick approximately 1 kb 3’ or 5’ to the 

mismatch on the nascent strand.  Nicking can occur further than 1 kb from the mismatch; 

however, repair efficiency is compromised with increasing distance from the mismatch.  DNA 

helicase II is loaded onto this nick by MutL and begins to unwind the DNA with the help of 

single-stranded binding protein (SSB), which stabilizes the newly formed single-stranded DNA 

(ssDNA).  The nicked nascent strand is then degraded by one of four exonucleases; RecJ and 

ExoVII excise mismatches located 3’ to the nick, while ExoI and ExoX process mismatches 5’ to 

the nick site.  The template strand is then recopied by DNA polymerase III and the ends are 

ligated together by ligase, correcting the error (reviewed in Kunkel and Erie 2005). 

 
Mismatch Repair in Eukaryotes 

 The baker’s yeast Saccharomyces cerevisiae has been used as a model for studying the 

MMR pathway in eukaryotic organisms.  In yeast there are 6 MutS homologs (MSH1, MSH2, 

MSH3, MSH4, MSH5 and MSH6) and 4 MutL homologs (MLH1, MLH2, MLH3 and PMS1) 

which interact in the nucleus to form various heterodimers which function in MMR (Table 1).  

Of these heterodimers, MSH2-MSH6 (MutSα), MSH2-MSH3 (MutSβ) and MLH1-PMS1 

(MutLα) are critical for MMR.  The MSH2-MSH6 complex binds to single base-base 

mismatches and to 1 and 2 nucleotide insertion deletion loops (INDLs).  The MSH2-MSH3 
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complex recognizes and binds to larger INDLs up to 17nt in length and is also able to recognize 

single base pair loops (reviewed in Kunkel and Erie 2005; Schofield and Hsieh 2003). 

In eukaryotes, the replication factor C (RFC) clamp-loader complex uses junctions 

between ssDNA and dsDNA to load proliferating cell nuclear antigen (PCNA) onto the DNA in 

a specific orientation.  This orientation is thought to be important for the strand discrimination 

mechanism of MMR, however the details are not well understood e.g. Lee and Alani (2006).  

PCNA is a multifunctional protein which coordinates activities in replication and multiple DNA 

repair pathways including MMR.   

In one model of eukaryotic MMR, MutSα or MutSβ binds to mismatch DNA and in an 

ATP-dependent step recruits MLH1-PMS1 (Fig. 2).  MLH1 possesses multiple protein 

interacting domains, and with the help of its partner PMS1, is thought to coordinate downstream 

MMR factors.  It is believed that the ATPase activity of MSH and MLH proteins allows for 

conformational changes which promote interaction of MLH1 with its protein partners.   

It remains unclear how strand discrimination occurs in eukaryotes.  One prediction is that 

mismatch repair is closely tied to the replication machinery.  Because of this close association, it 

is believed that mismatches are processed immediately as they leave the replication fork.  This 

hypothesis is derived from observations that hMSH3 and hMSH6 colocalize with PCNA at the 

replication foci (Kleczkowska et al. 2001).  Also, MutS and MutL colocalize with replication 

foci in Bacillus subtilis (Smith et al. 2001).  Currently there are two models which have been 

proposed to explain how strand discrimination occurs and experimental evidence has been 

presented for both.  The first, known as the molecular switch model, predicts an ATP-dependent 

conformational change of MutSα into a sliding clamp, allowing it to scan along nearby DNA for 

the discrimination signal.  This sliding could be occurring passively via diffusion or actively 
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through an ATP dependent mechanism (Gradia et. al. 1999).  The second model is referred to as 

static transactivation which hypothesizes that once the MutS and MutL protein complexes bind 

the mismatch they remain stationary and protein-protein interactions facilitate messaging 

between discrimination factors and the matchmaker proteins of the system (Selmane et al. 2003; 

Junop et al. 2001). 

 
Figure 2 | Eukaryotic mechanisms for mismatch repair.  MMR in eukaryotes utilizes heterodimers of the MSH 
and MLH proteins to coordinate the repair process.  A.  MLH1 and PMS1 form a heterodimer which is recruited by 
a mismatch and ATP-bound MSH2-MSH6 complex.  B.  MSH2-MSH3 also binds preferentially to mismatches; 
however it has a greater affinity for large insertion/deletion mismatches. 
 
 

After discrimination of the nascent strand occurs, excision must take place.  This process 

is also still under extensive research in eukaryotes.  Biochemical studies performed to understand 

this process have occurred primarily in mammalian cell lines.  Currently, it is known that 

excision is mismatch-dependent, initiates at nicked or gapped sites, is bidirectional and 

preferentially follows the shortest path to the mispair (Constantin et al. 2005).  Thus far, genetic 

analysis in yeast suggest that EXO1 (5’ ’3), RAD27 (5’ 3’), Polε (5’ 3’) and Polδ (3’ 5’) 

(Tran et al. 1999, reviewed in Kunkel and Erie 2005) may participate as exonucleases during 
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Table 1 |  Functions of MMR proteins in E. coli and their S. cerevisiae homologs (reprinted from Schofield and 
Hsieh 2005). 
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excision in MMR.  However, these proteins are also important in other genome stability 

pathways such as Okazaki fragment flap removal, proofreading, and cell cycle checkpoint 

control (Tishkoff2 et al. 1997, Datta et al. 2000, reviewed in Kunkel and Erie 2005).  Currently 

EXO1 is the only exonuclease which has been clearly implicated in MMR.  The exo1 null 

mutation confers a low mutator phenotype in S. cerevisiae.  This mutation also produces a 

synergistic enhancement of INDL mutation rates when combined with specific pms1 and mlh1 

point mutants (Amin et al. 2001).  EXO1 has also been associated with the MSH2-dependent 

pathway of MMR through epistatic analysis and depletion of EXO1 causes a defect in MMR in 

mice and mammalian cell extracts (Wei et al. 2003; Tishkoff et al. 1997).  Other exonucleases 

are currently being analyzed for their potential to contribute to MMR.  This is the focus of my 

thesis work and provides the rationale for studying a possible role for the MRE11 nuclease in 

yeast MMR. 

 
MRE11 
 
MRE11 is a highly conserved nuclease that is required for a number of cellular processes.  In 

budding yeast and other eukaryotes, MRE11, as a part of the MRE11-RAD50-XRS2 (MRX) 

heterotrimer, possesses an ATP-dependent 5’ 3’ exonuclease activity (reviewed in 

Assenmacher 2004; Haber 1998).  This multifunctional protein has been studied extensively for 

its roles in processing meiotic double-strand breaks, assisting in homologous recombination, 

nonhomologous end-joining and functioning in telomere maintenance (Fig. 3, Haber 1998).  

MRE11 has also been implicated as part of the DNA damage response mechanism.  This is 

supported by observations that ATM kinase is dependent upon MRE11 for autoactivation and 

phosphorylation.  ATM is responsible for initiating a signaling cascade in response to double 

strand breaks which leads to a cell cycle arrest which is resolved by DNA repair or apoptosis 
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(Assenmacher 2004).  The genomic integrity of mre11Δ strains is further compromised by the 

enhancement of gross chromosomal rearrangements observed in these mutants (Smith  2005).  

Some phenotypes associated with mre11Δ deletions and point mutations, such as hypersensitivity 

to the DNA damaging agent methyl methanesulfonate (MMS), have been partially recovered 

through the overexpression of EXO1 (Lee et al. 2002, Chamankhah et al. 2000).  Accompanying 

this list of functions is a new observation by Vo et al. (2005) that implicates hMRE11 as a novel 

factor in human MMR. 

 

 
Figure 3 |  Roles of MRE11 in eukaryotic genome maintenance (reprinted from Haber et al. 1998). 
 

Vo et al. (2005) reduced hMRE11 expression via RNAi and analyzed the cell line that 

demonstrated the highest level of hMRE11-knockdown for an increase in microsatellite 
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instabilities (MSIs).  To quantify these mutations, Vo et al. (2005) performed two assays which 

utilized a green fluorescent protein (GFP) gene, disrupted with either a mononucleotide or 

dinucleotide repeating sequence which shifted the ORF of the GFP out of frame.  Slippage of 

these sequences due to MSI has the potential to correct the reading frame of GFP.  Using FACS 

analysis Vo et al. (2005) were able to show that the hMRE11-knockdown strain incurred as 

many MSI mutations as an hMLH1-deficient cell line.  In addition it was shown using in vitro 5’ 

G-T and 3’ G-T mismatch substrates that the nuclear extract of the hMRE11-knockdown cell line 

was inhibited by more than 50% for the repair of 3’ nick directed MMR.  Through yeast two-

hybrid analysis Vo et al. (2005) were able to show a reciprocal interaction between hMLH1 and 

hMRE11.  Examining various truncations of both peptides, they identified the specific amino 

acids which conferred these interactions using Far Western Analysis.  In an attempt to further 

relate hMRE11 to MMR, Vo et al. (2005) characterized hMLH1 point mutations that had been 

observed in tumors from patients with hereditary nonpolyposis colorectal cancer (HNPCC).  

They chose mutations that mapped to the required interaction domain they had identified in 

hMLH1.  From these mutations they were able to characterize two that disrupted the interaction 

between the hMLH1 fragment and the hMRE11 fragment while still maintaining hMLH1’s 

ability to interact with hPMS2 (the homolog of yeast PMS1).  These experiments support the 

possibility that hMRE11 is a factor in MMR. 

 
Oncological Implications 
 

A hallmark of MMR deficiency is microsatellite repeat instability (MSI).  In MMR-

deficient cells, a large number of loops go unrepaired, especially in mlh1Δ and msh2Δ mutants, 

resulting in a lengthening or shortening of the microsatellite sequence in the duplicated DNA.  

Certain forms of cancer such as those developed from Lynch Syndrome are characterized by a 
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high frequency of MSI (Hemminiki et al. 1994, Pucciarelli et al. 2003).  Lynch Syndrome, also 

known as hereditary nonpolyposis colorectal cancer (HNPCC), is responsible for 1-6% of all 

colon cancer cases (Chung and Rustgi 2003).  Early age of onset, high incidence of cancer in 

primary relatives, and increased susceptibility to a variety of cancers are all symptoms of this 

condition (Lynch et al. 2003).  Recently, hMRE11 mutations have been observed in various 

forms of cancer (Mongiat-Artus et al. 2006; Nakanishi et al. 2006; Takemura et al. 2006; 

Giannini et al. 2002), however no conclusions have been made as to whether these were primary 

mutations or secondary mutations due to other MMR defects.    

 
Thesis Work 

I wished to test whether the deletion of MRE11 in S. cerevisiae conferred a defect in 

MMR as suggested by Vo et al. in mammalian cells.  Using the lys2-A14 reversion assay, which 

utilizes a 14 adenine insert within the LYS2 gene to quantify the frequency of frameshift 

mutations occurring in a population, I was able to assess the MSI of mre11Δ deleted cells.  I 

determined that mre11Δ confers no detectable increase over wild-type in frameshift mutation 

frequency.  I was also unable to observe an interaction between MLH1 and MRE11 using yeast 

two-hybrid analysis.  However, the regions of these two proteins which were previously 

described to interact in humans (Vo et al. 2005) possess minimal conservation to their yeast 

homologs.   

To further characterize the mre11Δ mutant I utilized a canavanine resistance assay to 

analyze the mutator spectra of these strains.   The mutation rate of mre11Δ, mlh1Δ, 

mre11Δ mlh1Δ, msh2Δ and mre11Δ msh2Δ deletion mutants was determined using the 

canavanine resistance assay.  From these data I concluded that the mre11Δ deletion does enhance 

the overall mutation rate in yeast, approximately 12-fold above the wild-type rate.  I also 

 12



observed that the sum of the mutation rates for the mre11Δ and mlh1Δ single mutants was 

equivalent to the mutation rate of the mre11Δ mlh1Δ deletion mutant, suggesting independent 

functions for these two proteins.  In an attempt to thoroughly identify the mutations created by 

the mre11Δ null I sequenced the CAN1 gene of canavanine-resistant (CANr) colonies from the 

mutator assay and determined that the mutations in CAN1 were predominantly point mutations 

that were not characteristic of defects in MMR.  Taken together, these results suggest that 

MRE11 does not play a role in yeast MMR. 

 

Materials and Methods 
 
 
Primers.  All primers used for this thesis are listed in Table 2. 
 
 
S. cerevisiae strains.  All of the strains used in this study are from the S288C strain background 

(Table 3).  Yeast strains were grown in 5% yeast extract-peptone-dextrose (YPD), minimal 

complete or minimal selective media (Rose et al. 1990).  When required, canavanine (Sigma) 

was included in minimal selective media at 60 mg/L and Geneticin (Gibco) was included in YPD 

at 200 mg/L.  Media and procedures for sporulation are as described previously (Argueso et al. 

2003).  The mre11Δ disruption strains EAY1537, EAY1538 and EAY1967 were constructed by 

transforming a mre11Δ::KANMX fragment into EAY1269 using the lithium-acetate 

transformation method (Gietz2 2006).  The fragment was amplified from the YMR224C deletion 

strain created by the Saccharomyces Genome Deletion Project at Stanford (Fig. 6).  Oligos 

AO1413 and AO1414 were used to create this fragment (Fig. 7).  The mre11Δ strains were all 

tested for hypersensitivity to methyl methanesulfonate (MMS), a phenotype of the mutant 

previously described by Lee et al. (2002). 
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The mlh1Δ and msh2Δ strains EAY1768, EAY1733, EAY1734 and EAY1769, 

EAY1735, EAY1736 respectively, were created using the hisG-URA3-hisG disruption technique 

as describe previously (Alani et al. 1987).  Plasmid pEAI95 was digested with KpnI and SpeI to 

obtain the msh2Δ::hisG-URA3-hisG fragment.  pEAI104 was digested with KpnI and SphI to 

obtain the mlh1Δ::hisG-URA3-hisG fragment.  The fragments were then transformed into 

EAY1368. 

mre11Δ mlh1Δ and mre11Δ msh2Δ double mutant strains were created by mating 

EAY1537 to EAY1733 and EAY1736.  These diploids were plated onto minimal selective media 

lacking histidine and containing Geneticin.  The diploids were sporulated, dissected and selected 

for resistance to Geneticin.  All Geneticin-resistant colonies were screened for the desired 

mutations via PCR (Fig. 7). 

EAY1098, used for yeast two-hybrid analysis, contains two LexA binding sites, one 

upstream of LacZ and another upstream of HIS3. 

MRE11 

 

 
 

Figure 6 | Generation of the MRE11 disruption.  74 base pairs of DNA containing sequence used for deletion 
confirmation (TAG regions) and homology to the DNA regions upstream and downstream of the MRE11 ORF are 
used as primers to PCR amplify a KanMX4 construct.  This fragment is then transformed into the yeast.  
Homologous recombination produces Geneticin resistant, ORF deleted strains. More information can be obtained at:  
http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html
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Figure 7 | Disruption Confirmations.  Red arrows indicate the integration sites of the deletion fragments.  PCR 
products from deletion strains were run on the gels shown, with their corresponding controls.  A.  AO1090 and 
AO1415 produce a 1kb fragment by PCR using genomic DNA from the mre11Δ::KANMX deletion strains.  No 
product is produced for the wild-type strain, EAY1269, because AO1090 is located within KANMX.  PCR 
amplification of large products which include KANMX can be difficult to produce.  I attempted to do so under 
multiple conditions and never achieved substantial product.  Therefore I chose this primer set as an alternative.        
B.  PCR amplification with AO469 and AO185 on genomic DNA from EAY1269 produces a 2.7kb product.  The 
mlh1Δ::hisG disruption of this gene removes amino acids 11 - 770 from the original 770aa polypeptide thereby 
generating a 1.5kb product using the same primer set. C. AO1783 and AO1784 produce a 3.6kb product when used 
to PCR EAY1368.  The excess background product seen in the wild-type lane is attributed to the difficulty with 
amplifying a 3.6kb product.  The msh2Δ::hisG disruption of this gene removes amino acids 263 - 898 from the 
original 967aa polypeptide to yield a 2.8 kb product.  hisG is 1.1kb in length. 
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Table 2 | Primers 
Primer Name    Sequence 
AO145   TGG CGT CTG TAT CAT CTG C 

AO148   GTT CAA TTT CCA AAA AAA ATT GTT AAA ATG GC 

AO185   GAC TCG GGT CTT TGG TAC CG 

AO469   GCA TGC TAG GAC AAT TTA ACT GCA 

AO1090   CAT GCG TCA ATC GTA TGT G 

AO1413   TGG CAT ACC TTG TTG TTC GC 

AO1414   GTA TGG CCA ATC GAA TAG AAC CC 

AO1415   ATT GTG GGG AGT GTA ACA GC 

AO1474   CAG GTC ACA CGA ATA CTG CA 

AO1476   TCC TCT TCG TCA GTA CTG AC 

AO1477   AGC GCT TTC ATT TCC TCT GC 

AO1478   TGG GGA TTG TGT ATT GGA GG 

AO1783   TTC CGC ACT CCA TCA AGT GAA CCT 

AO1784   TCA GAA GAC TTT GCG GAG GAA GCA 

AO1802   CTA ATG AGC AAC GGT ATA CGG CC 

AO1844   GAT TTA GGA TCC CAT GGA CTA TCC TGA TCC AGA CAC AAT AAG G 

AO1845   CAT TGG CTC GAG GTC TAT TTT CTT TTC TTA GCA AGG AG 

AO1850   CGG TGA TAA TAA CGA TGC TCA AGA TG 

AO1864   CCA GTG GGC GCT CTT ATA 

AO1865   TTA CCG GCC CAG TTG GAT 

AO1866   CAA CCA TTA TTT CTG CCG 

AO1867   TGC ACC AAA ATT CAA TG 

AO1890   GGG CGA ACT TGA AGA ATA ACC AAG G 

AO1891   TTC TAG GTT CGG GTG ACG TGA AGA 

All primer sequences are displayed 5’  3’. 
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Table 3 | Strains used 
Strain     Genotype 

 
EAY1269    MATa, ura3, leu2, trp1, lys2-A14
 
EAY1368    MATα, ura3, leu2, trp1, his3, lys2-A14
 
EAY1537, 1538, 1967  EAY1269 with mre11Δ::KANMX 
 
EAY1769, 1735, 1736  EAY1368 with msh2Δ::hisG 
 
EAY1768, 1733, 1734  EAY1368 with mlh1Δ::hisG 
 
EAY1964+α, 1965a, 1966a Progeny of EAY1537xEAY1736: 

ura3,his3,  leu2, trp1, LYS2, msh2Δ::hisG, 
mre11Δ::KanMX 

 
EAY1961+a, 1962a, 1963α Progeny of EAY1537xEAY1733  
  ura3, his3, leu2, trp1, LYS2, mlh1Δ::hisG,  
  mre11Δ::KANMX 
 
EAY1098  leu, his, trp, lexA::HIS3 reporter, lexA::LacZ reporter 
+ HIS3, a MATa, α MATα 
 
 
lys2-A14 reversion assay.  A 14 adenine repeat sequence is inserted into the open reading frame 

of the LYS2 gene, shifting it out of frame (Heck2 et al. 2006).  Slippage of DNA polymerase on 

mononucleotide sequences is common and causes insertion deletion loops (INDLs) to form.  If 

these INDLs are left unrepaired they will cause insertions or deletions in the gene.  Changes of 

+/- 1, 4, 7, 10… bases will shift the ORF of lys2-A14 into frame and result in a reversion to the 

Lys+ phenotype. (Heck2 et al. 2006).  21 independent cultures from three independent 

transformants were assayed for each strain.  Yeast possessing the lys2-A14 insert were struck to 

single colonies on complete media (Rose et al. 1990) and grown at 30oC until ~2 mm colonies 

could be selected.  These colonies were inoculated in 3 ml of complete media for 24 hours at 

30oC.  The cultures were then diluted and plated onto complete media and media lacking Lysine 

and incubated for 3 days at 30oC.  A pair-wise comparison of the number of colonies observed 
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on complete media to the number observed on minimal media lacking Lysine was used to 

quantify the number of cells which reverted to the Lys+ phenotype.  This value was used to 

calculate the mutation frequency as described previously (Tran et al. 1997) with 95% confidence 

intervals determined as outlined by Dixon and Massey (1969). 

 

Canavanine resistance assay.  The canavanine resistance assay is used to measure mutation 

rates by determining the number of spontaneous mutations that occur in the CAN1 gene in a 

known population of yeast.  The CAN1 gene encodes for a membrane transport protein which 

regulates the uptake of Arginine and its toxic analog, canavanine.  When mutations occur in the 

CAN1 gene that inhibit transport of these molecules, the mutated yeast is able to grow on 

canavanine media.  The only strain requirement of this assay is that the yeast are capable of 

producing their own Arginine.  Therefore, all growth media used in this assay is minimal 

selective media lacking Arginine. 

All mre11Δ, mlh1Δ, msh2Δ and double mutant deletion strains were evaluated with this 

assay.  Initially, the yeast were struck to single colonies on minimal selective media lacking 

Arginine (Rose et al. 1990) and incubated at 30oC until 2 mm colonies could be selected.  By 

selecting a uniform size colony I ensure that each one has experienced roughly the same number 

of divisions before being assayed.  Each independent colony was diluted in 200 ul of ddH2O and 

then diluted further before plating to minimal media with canavanine and without arginine with 

borosilicate glassballs.  These plates were then incubated for 4-5 days at 30oC.  Each strain was 

diluted differently in order to obtain a statistically significant number of colonies (>20) per plate.  

Mutation rates were calculated using data from no less than 14-28 independent colonies.  The 

mutation rates were calculated using the method of the median as described previously (Lea and 
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Coulson 1949).  95% confidence intervals were generated using methods described by Dixon and 

Massey (1969). 

 
Mutation signature.  The mutation signature of mre11Δ mutants was determined by PCR 

amplifying the CAN1 gene from the genomic DNA of CANr colonies.  These colonies were 

obtained during the canavanine resistance assay as described above.  AO1890 and AO1891 were 

used to amplify the CAN1 gene.  AO1864, AO1865, AO1866, AO1867, AO1957, and AO1958 

were then used to sequence the entire CAN1 ORF.  Mutation events were characterized by 

analyzing changes from the wild type sequence. 

 
Yeast two-hybrid analysis.  A complete MRE11 fragment was obtained from wild type S288C 

yeast strain EAY235 via PCR using AO1844 and AO1845.  This fragment was integrated into 

pEAO148 (Argueso et al. 2003) using BamHI and XhoI, thereby fusing MRE11 to the GAL4 

activation domain sequence in pEAO148.  This construct was sequenced using AO1474, 1476, 

1477, 1478, 1802, 1850 to ensure proper orientation of the two genes.  The MLH1 vector, 

pEA1045, had been created previously (Argueso et al. 2003) using the same methods.  In 

pEAO145 MLH1 is fused to the LexA binding domain. These plasmids were then transformed 

into EAY1098 and grown in 3 mL liquid minimal media lacking leucine and tryptophan at 30oC 

with agitation overnight to select for cells that had obtained both plasmids.  Cells were then 

processed as previously described for β-Galactosidase activity (Gietz1 2006).  β-Galactosidase, 

encoded for by LacZ, hydrolyzes Ortho-Nitrophenol-Beta-Galactosidase (ONPG) into galactose 

and o-nitrophenol.  O-nitrophenol appears yellow and colors the reaction mixture proportional to 

its concentration and can be quantitatively measured at OD420.  Therefore, a lysate of cells 
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containing β-galactosidase will promote rapid hydrolysis of ONPG and a rise in solution 

absorbance. 

 A HIS reporter two-hybrid assay was also utilized to identify interactions between MLH1 

and MRE11.  A HIS gene was placed downstream of the lexA binding site in EAY1098.  This 

strain was transformed with AO148 and AO145 and selected for as above.  The transformed cells 

were then resuspended in 1 mL of ddH2O.  A 10 uL spot was placed onto minimal media plates 

lacking leucine and tryptophan.  Another set of spots was placed onto minimal media plates 

lacking leucine, tryptophan and histidine.  Plates were incubated at 30oC for 2 days and growth 

on each was compared.  Activation of the HIS gene was indicated by growth on the plate lacking 

histidine.  (All two-hybrid work was conducted by Aaron Plys, a Graduate student in the Alani 

Lab). 

 
Results 

 
To assess a possible role for MRE11 in yeast MMR I initially used the lys2-A14 reversion 

assay.  This assay measures primarily slippage events which as stated previously are observed at 

high frequencies in MMR defective mutants.  For example, the mlh1Δ deletion mutant exhibits a 

mutation frequency ~10,000 times greater than wild-type strains when measured in this assay.  

The mre11Δ deletion, when measured in this assay, produces no detectable enhancement of the 

mutation frequency (Table 4).  This suggests that the mre11Δ mutation is not conferring a 

microsatellite instability (MSI) phenotype.  These results differ from those previously reported 

by Vo et al. (2005) where hMRE11-knockdown cell lines generated MSI mutations at a 

frequency equivalent to an hMLH1 null mutant.  For comparison purposes the mutation 

frequency of an exo1Δ deletion strain, which has been characterized as an exonuclease factor in 
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MMR, reaches levels approximately 33 times greater than wild-type cells in the lys2-A14 

reversion assay. 

Table 4 | lys2-A14 Reversion Assay 
_____________________________________________________________________________________________ 
Genotype  N Mutation Frequency (10-7)    95% Confidence Interval Relative   

                  to wt. 
Wild-type  21  2.7   1.3 – 4.3  1.0 
mre11Δ  21  1.6   1.2 –3.3  0.6 
mlh1Δ1   >11  18,200   14,900-20,600  9,4403   
msh2Δ2  >11  20,880   N/A   7,2003 

exo1Δ2   >11  95.7   N/A   333 

1 Data previously reported (Heck1 et al. 2006). 
2 Data previously reported (Jin et al. 2005). 
3 Relative to the wild-type value of the cited reference. 
 

To determine if the mre11Δ deletion conferred any mutator phenotypes in yeast, I used 

the canavanine resistance assay.  This assay is useful in two ways: first it allowed for 

quantification of a wide range of mutations, not exclusively slippage events as in the lys2-A14 

assay.  Second, the CAN1 gene of CANr colonies can be sequenced and compared to the wild-

type sequence of CAN1.  Mutations which generated the CANr phenotype were identified and I 

was able to construct a mutation signature for the mre11Δ deletion.  By comparing this signature 

to known MMR mutation signatures I assessed whether mre11Δ appeared to be involved in 

preventing the same types of mutations. 

MRE11 is an active and dynamic part of the nuclear machinery.  Its roles in other forms 

of genome maintenance and the hypersensitivity of mre11Δ mutants to MMS implicates that 

without MRE11 yeast should acquire a fair number of mutations.  This is exactly what was 

observed in the canavanine resistance assays.  In mre11Δ mutants a mutation rate of 4.14x10-6 

was observed, approximately 1/3 of the rate seen in MMR defective strains (Table 5).  I 

suspected, based on observations already made in the lys2-A14 reversion assay, that MRE11 was 

 21



not likely to be a major player in MMR.  Based on this hypothesis I expected that the mutations 

accumulated in the mre11Δ mutants would be acquired regardless of the integrity of the MMR 

system.  Therefore the mutation rates I observed for the mre11Δ mlh1Δ double mutant were not 

surprising.  The value appears to be close to the sum of the rates observed for each of the single 

mutants, with consideration to the large variance observed for the double mutant strain.  There 

are few pathways outside of MMR during vegetative growth for which MLH1 is responsible, 

therefore it is likely that the mutations acquired in the double mutant are due to the strains MMR 

deficiency coupled with the MMR independent, genome stability processes of MRE11. 

Table 5 | Canavanine Assay 
Genotype  N Mutation Rate (10-7) 95% Confidence Interval  Relative  to wt. 
Wildtype  21  3.0     2.2 – 6.1    1.0 
mre11Δ  28  41.4   34.9 – 48.9  12.5 
mlh1Δ   21  72.6   42.8 – 90.7  21.9 
mlh1Δ mre11Δ 19  188.9   95.1 – 247.0  57.1 
msh2Δ   15  114.5   82.4 – 128.7  34.6 
msh2Δ mre11Δ 15  127.2   98.3 – 146.2  38.4 
 
  
 An interesting result from this assay is the relatively uniform mutation rates between the 

msh2Δ strain and the msh2Δ mre11Δ double mutant.  This suggests MSH2 and MRE11 may 

participate in a pathway responsible for mutational avoidance that is not MMR related, however 

we have not investigated this possible relationship further. 

The phenotypes observed in the lys2-A14 reversion and canavanine resistance assays 

already appear to indicate that MRE11 is not involved in MMR.  However to thoroughly 

examine all possible evidence I chose to analyze the mutation spectra of the CAN1 gene for the 

mre11Δ CANr colonies.  MMR, as stated previously, is characterized by a high frequency of 

insertion and deletion loops, which produce frameshift mutations.  The majority (66%) of the 

mutations I observed in sequences of the CANr CAN1 genes were single base transition 
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substitutions from C-to-T resulting in nonsense mutations (Table 6).  The other mutations 

observed were inversions, which have been previously characterized to occur frequently in 

mre11Δ cells (Assenmacher et al. 2004).  Additional sequencing is ongoing. 

Table 6 | Spectra of CAN1 mutations in MMR-Proficient, MMR-Deficient and mre11Δ strains 
Mutation type   WT1  mlh1Δ1  exo1Δ1  mre11Δ 

Base substitution (nonsense mutation)  11 (55%)   2 (20%) 11 (55%) 4 (66%) 
Insertion/deletion (frameshift mutation)    7 (35%)   8 (80%)   9 (45%) 0 
Others        2 (10%)   0    0  2 (33%) 
Total      20 (100%) 10 (100%) 20 (100%) 6 (100%) 
 1 Data as reported previously (Tran et al. 2001)   
 
 The spectrum of CAN1 in exo1Δ deleted strains displays a 45% frequency of insertion-

deletion (INDL) mutations (Tran et al. 2001).  The mlh1Δ strain, presented for comparison 

purposes, acquired 80% INDL mutations.  Unlike these MMR deficient strains and the hMRE11-

knockdown cell lines created by Vo et al. (2005) the mre11Δ mutant does not appear to 

accumulate mutations indicative of MMR deficiencies. 

Yeast two-hybrid analysis was used by Vo et al. (2005) to reveal an interaction between 

hMRE11 and hMLH1.  In an attempt to elucidate any possible activity of MRE11 in yeast MMR 

the Alani lab also performed such experiments.  Using both a β-galactosidase ONPG assay and a 

HIS reporter assay, as described previously in the Materials and Methods, Aaron Plys in the 

Alani Lab was unable to detect an interaction between MLH1 and MRE11 (Table 7, Fig. 8). 

Bait Prey B-gal Units 

MLH1  PMS1 25.5 ± 2.9 

vector Vector 0.32 ± 0.27  

MLH1  MRE11 0.37 ± 0.17  
 
Table 7 | Yeast two-hybrid ONPG Assay.  MLH1 and PMS1 are essential components of MMR which have been 
previously shown to strongly interact in yeast two-hybrid analysis.  Bait and prey vectors of these proteins were 
used, along with empty bait and prey vectors, as controls for this experiment.  The MLH1::LexABD, in the presence 
of MRE11::GAL4 promoter did not produce a detectable amount of β-galactosidase as determined by ONPG 
hydrolysis (Aaron Plys, unpublished data). 
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Figure 8 | Yeast two-hybrid HIS Reporter Assay.  In this assay PMS1 and empty vectors were again used as 
controls.  Cells transformed with the appropriate vectors were plated onto minimal media lacking leucine and 
tryptophan.  This was done to allow for comparison of growth and detection of defects when the cells were plated to 
media lacking histidine.  No interaction between MLH1::lexABD and MRE11::GAL4 is observed.  (Aaron Plys, 
unpublished data). 
 

Discussion 
 

 MRE11 is a multifunctional protein which plays a role in numerous nuclear processes.  

Its disruption impairs a wide range of genome maintenance pathways in both meiosis and mitosis 

(Assenmacher 2004).  For these reasons it has been a challenge among researchers to genetically 

characterize this protein.  I myself had difficulties with both the mre11Δ mutant and the double 

mutants, which possessed lower viability than wild-type strains during vegetative growth.  

Colonies of these mutants require an extra day of growth to reach an optimal size.  In yeast there 

are also a vast number of redundantly functioning genes.  All of these redundancies have not yet 

been characterized, due in part to the complex network of cooperative cellular pathways. 

 My analysis of the mre11Δ mutation for the purpose of identifying a novel MMR factor 

in yeast produced useful results.  The lack of insertion/deletion frameshifts observed in the CAN1 
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mutation spectra and the failure of the mre11Δ mutation to enhance the frequency of lys2-A14 

slippage events suggests that MRE11 is not directly involved with the MMR system.  The 

increased mutation rate observed in the canavanine resistance assay is likely to have been caused 

by overall impairment of the cell to perform various processes without MRE11; such as 

homologous recombination and the processing of double strand breaks, both of which are 

necessary for DNA double-strand break repair, an alternative DNA repair pathway.  While the 

possibility that a redundant exonuclease could be mitigating the impairment of MMR due to the 

deletion if MRE11, observations of EXO1 mutants suggest otherwise.  MRE11 and EXO1 are 

both 5’ 3’ exonucleases and should confer similar MMR deficient phenotypes when removed, 

assuming they participate equally in the process.  Vo et al. (2005) characterized a 50% 

deficiency in hMRE11-knockdown cell lines to process mismatches 3’ to a DNA nick.  Data 

obtained in the lys2-A14 slippage assay for mre11Δ and exo1Δ mutants indicates that loss of 

EXO1 alone will confer a detectable level of frameshift mutations, even if redundant 

exonucleases are present.  MRE11 does not produce similar results.  From this observation I 

propose an experiment in which MRE11 is overexpressed in an exo1Δ mutant and analyzed for 

frameshift mutations.  This experiment would contribute to identifying the possible non-

redundant relationship between MRE11 and EXO1 in MMR. 

I had wished to perform the lys2-A14 reversion assay on mlh1Δ mre11Δ and msh2Δ 

mre11Δ strains in an attempt to identify any synergistic enhancements to the mutation 

frequencies that may occur.  However, during the creation of these strains the high mutation rates 

of the mlh1Δ and msh2Δ strains caused a reversion of the lys2-A14 cassettes in all transformants, 

rendering them Lys+.  Because mre11Δ is defective for homologous recombination disruption 

transformations could not be used to introduce msh2Δ and mlh1Δ deletions.  In retrospect these 
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strains should have been created by using complementation plasmids to assuage the substantial 

genome instability of the MMR deficiencies. 

 My results, while unable to support the findings of Vo et al. (2005), do not 

conclusively exclude MRE11 as a potential MMR factor.  Our inability to observe an interaction 

between MRE11 and MLH1 may suggest that modifications in hMRE11, hMLH1 and other 

MMR factors have arisen which more actively involve hMRE11 in the MMR process.  Yeast 

two-hybrid is by no means a definitive assay for determining protein-protein interactions.  Both 

false positives and false negatives have been frequently characterized for this assay.  Further 

analysis utilizing other physical interaction assays such as co-immunoprecipitation could be used 

as an alternative method for detecting a physical interaction.  An important caveat is that the 

interacting domains identified by Vo et al. for hMRE11 and hMLH1 are only 25% conserved 

from yeast (Petrini et al. 1995, Bronner et al. 1994).  This observation is consistent with the fact 

that MRE11 is a requirement for cell survival in higher eukaryotes, suggesting that significant 

changes to the protein have occurred (Assenmacher et al. 2004).  Perhaps one such change was 

the initiation of MRE11 into the MMR pathway. 
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