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Figure II-2. MLH1-PMS2 recruited to mismatched DNA in a ATP dependent manner. 

Western blot analysis showing conditions for MLH1-PMS2 recruitment utilizing homoduplex 

and heteroduplex blocked end substrate.  
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MLH1-PMS2 remains stable on mismatched DNA in the absence of MSH2-MSH6 

We next wanted to look at the stability of the complexes formed on heteroduplex DNA. Previous 

studies have suggested that a quaternary complex, composed by MSH2-MSH6 and MLH1-PMS2 

(Antony et al 2004; Jiricny 2006; Schofield et al 2001), forms on the DNA and as a unit 

regulates the downstream excision and repair of mismatches. Thus, we predicted that the stability 

of MSH2-MSH6 and MLH1-PMS2 on the heteroduplex DNA should be the same, i.e., if MSH2-

MSH6 dissociated from the DNA, then due to the direct interaction, so too would MLH1-PMS2. 

To test this, we performed a protein pulldown in which we incubated the DNA concurrently with 

MSH2-MSH6 and MLH1-PMS2 on blocked-end mismatched DNA in the presence of ATP. We 

then washed off any excess, unbound proteins and incubated the remaining DNA-protein 

complexes for increasing lengths of time in a reaction buffer containing ATP and a 41 bp 

competitor heteroduplex DNA. Western blot data showed that the two protein heterodimers have 

very different stabilities (Figure II-3). MLH1-PMS2 remains stably bound on the DNA even 

after MSH2-MSH6 falls off the DNA (Figure II-3A, lane 5 and II-3B). This data suggests that 

once MLH1-PMS2 is recruited to the mismatch by MSH2-MSH6 that it has an ability to bind 

directly to DNA. Up to now, there has been controversy regarding this proposed ability of 

MLH1-PMS2 to directly bind DNA. Studies supporting this idea have mostly demonstrated a 

mismatch independent loading under low salt conditions (Bende et al 1991; Hall et al 2001; Ban 

et al 1999; Groothuizen et al 2015).  
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Figure II-3 
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Figure II-3. MLH1-PMS2 remains stable on mismatched DNA in the absence of MSH2-

MSH6. A. Western blot analysis of levels of MMR proteins loaded on DigGT DNA after 

incubation (0, 5, 10, 15 and 30 minutes) with a 41bp competitor DNA in the presence of ATP. B. 

Relative percentage of MSH2-MSH6 and MLH1-PMS2 bound to DigGT DNA. Values based on 

ImageJ quantification on 3 independent experiments.  
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ATP hydrolysis by MSH2-MSH6 is not required for MLH1-PMS2 loading. 

We next began testing the biochemical requirements for loading of MLH1-PMS2 onto 

mismatched DNA via MSH2-MSH6. In the proposed models for MMR downstream signaling 

for excision there are two existing ideas for the dynamics of the recognition complex (MSH2-

MSH6) (Lyer et al 2006). One is the Translocation model and the other the Molecular Switch or 

sliding clamp model. The Translocation model states that the recognition complex requires ATP 

hydrolysis for DNA diffusion. In this way the movement away from the mismatch is therefore 

ATP dependent (Li 2008; Allen et al 1997; Blackwell et al 1998). On the other hand, the second 

model – Molecular Switch– stipulates that no ATP hydrolysis is required for this diffusion along 

the DNA (Gradia et al 1999; Honda et al 2013). We asked whether ATP hydrolysis was required 

for MSH2-MSH6 movement along DNA and/or loading of MLH1-PMS2.  To do this we took 

advantage of a MSH2-MSH6 mutant previously characterized. MSH2WT-MSH6G566R 

(G566R) contains a mutation in the connector domain of MSH6 (Figure II-4A). Our laboratory 

has previously shown that G566R has slightly reduced ATP binding and has lost its mismatch-

stimulated ATPase activity when compared to the WT MSH2-MSH6 (Cyr et al 2008). Similar 

pulldown experiments using the G566R mutant incubated with DigGC, DigGT and GT showed 

that G566R dynamics were similar to wild-type (Figure II-4B). A deficiency in ATP hydrolysis 

had no effect on the sliding clamp formation and dissociation as G566R is still able to slide off of 

the open end of the DNA (Figure II-4B, lane 5 and lane 6) as previously shown. Furthermore, 

this deficiency seems to also have no effect on the ability of MSH2-MSH6 to recruit MLH1-

PMS2 to the mismatch (Figure II-4B, lane 4). 
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Taken together, these results support the notion of the formation of a sliding clamp that diffuses 

along the DNA independently of ATP hydrolysis and therefore supports the MMR Molecular 

switch model.  
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Figure II-4 
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Figure II-4. ATP hydrolysis by MSH2-MSH6 is not required for MLH1-PMS2 loading. A. 

Pymol generated representation of MSH2-MSH6 heterodimer bound to DNA and location of 

MSH6-G566R missense mutation in connector domain. B. Western blot analysis of MSH2WT-

MSH6G566R dynamics of on blocked (DigGC, DigGT) and unblocked (GT) substrates. 

Recruitment of MLH1-PMS2 is also shown.  
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A single MSH2-MSH6 loads one MLH1-PMS2 heterodimer per mismatch  

We next asked whether multiple MLH1-PMS2 heterodimers could be loaded by a single MSH2-

MSH6 sliding clamp on mismatch-containing DNA. The presence of multiple MLH1-PMS2 

molecules in a greater than 1:1 ratio with MSH2-MSH6 has previously been reported (Hombaeur 

et al 2011; Qiu et al 2015). To determine the MSH2-MSH6 to MLH1-PMS2 ratio at a mismatch 

we pre-incubated a larger 255 bp DigGC and DigGT DNA with MSH2-MSH6 in the presence or 

absence of ATP. Following a wash to remove excess, unbound MSH2-MSH6, MLH1-PMS2 was 

added in an ATP buffer (Figure II-5A). The resulting data showed that at the concentration tested 

on the longer DNA substrate, one MSH2-MSH6 loaded a single MLH1-PMS2 heterodimer. 

When MSH2-MSH6 pre-incubation was performed in the presence of ATP, up to four MSH2-

MSH6 sliding clamps could load. These clamps in turn loaded approximately 3 MLH1-PMS2 

heterodimers (Figure II-5B). 
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Figure II-5 
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Figure II-5. A single MSH2-MSH6 loads one MLH1-PMS2 heterodimer per mismatch. A. 

Western blot analysis of MSH2-MSH6 and MLH1-PMS2 levels on DigGC and DigGT DNA 

after pre-incubation with MSH2-MSH6 in the presence or absence of ATP. B. Number of 

MSH2-MSH6 and MLH1-PMS2 molecules per mismatch as per ImageJ band intensity 

quantification. 
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MLH1-PMS2 enhances the off-rate of MSH2-MSH6 from DNA 

MLH1-PMS2 has previously been shown to affect the kinetics of MSH2-MSH6 by promoting its 

turnover (Acharya et al 2003; Galio et al., 1999). We therefore asked whether this difference in 

stabilities observed between MSH2-MSH6 and MLH1-PMS2 (Figure II-6) was the result of 

MLH1-PMS2 recruitment and interaction. To answer this question, we repeated the MSH2-

MSH6 stability assay in the absence of MLH1-PMS2. Western blot analysis demonstrated that 

MSH2-MSH6 dissociated more slowly from mismatched DNA under these conditions (Figure II-

6A and II-6B). Together, our data show the difference in stability of the MMR complexes 

suggesting that MSH2-MSH6 and MLH1-PMS2 do not form a stable quaternary structure.  
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Figure II-6 
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Figure II-4. MLH1-PMS2 enhances the off-rate of MSH2-MSH6 from DNA. A. Western 

blot analysis of MSH2-MSH6 levels in the absence of MLH1-PMS2 on blocked end 

heteroduplex (DigGT). B. Relative percentage of MSH2-MSH6 bound to DigGT DNA. Values 

based on ImageJ quantification of 3 independent experiments.  
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Discussion 

Many Eukaryotic studies of MMR have been focused on improving the understanding of the 

nature of the interaction between MSH2-MSH6 and MLH1-PMS2 for excision signaling. 

Nonetheless, many questions still exist such as what happens once MLH1-PMS2 is recruited, 

what is the stoichiometry of this interaction and how does this interaction signal for excision.  

Our results show that a MSH2-MSH6 sliding clamp forms on mismatched DNA in the presence 

of ATP and that this clamp is likely required for the recruitment of MLH1-PMS2. In the absence 

of ATP no MLH1-PMS2 can be isolated on DNA through our pulldowns. We furthermore 

demonstrated that MLH1-PMS2 and MSH2-MSH6 have different stability profiles on 

mismatched DNA and that the loading of MLH1-PMS2 actually increases the dissociation of 

MSH2-MSH6 from the DNA. Overall, these results suggest that MSH2-MSH6 and MLH1-

PMS2 do not function as a unit for downstream signaling. It suggests instead that MSH2-MSH6 

may load MLH1-PMS2 onto DNA and that MLH1-PMS2 remains stably bound on mismatched 

DNA even after most of the MSH2-MSH6 has dissociated from the DNA. MLH1-PMS2 DNA 

binding potential, therefore, may be consistent with a model in which MLH1-PMS2 polymerizes 

on DNA near the mismatch for signal amplification. If this model is correct, a MMR protein ratio 

in which there are more MLH1-PMS2 molecules as compared to MSH2-MSH6 per mismatch 

would be expected. However, our results suggest that only a single MLH1-PMS2 molecule is 

loaded per MSH2-MSH6 heterodimer, negating this MLH1-PMS2 polymerization model. As a 

whole, this novel finding gives rise to a MMR model in which although MSH2-MSH6 is 

required for the recruitment of MLH1-PMS2 to the DNA, the downstream activities of these 

proteins, once bound, is different.  We speculate that MSH2-MSH6 may be required for loading 

of ExoI onto DNA whereas MLH1-PMS2 regulates the termination of excision to prevent 
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excessive DNA degradation beyond the mismatch. Taken all together, we propose a hybrid 

model we refer to as the Drop Off Model. MSH2-MSH6 recognizes the mismatch and binds to 

the DNA. The ADP to ATP exchange results in a conformational change to form a sliding clamp 

which allows for the recognition of the mismatch by other MSH2-MHS6 heterodimers. The 

MSH2-MSH6 sliding clamp then recruits a MLH1-PMS2 heterodimer which it then “drops off” 

directly onto the DNA. In this manner there is communication between the mismatch and the 

nick that serves as the entry point for Exonuclease I (Figure II-7). In the future, further 

experiments will need to be done to determine the position of the MSH2-MSH6 on the DNA for 

MLH1-PMS2 recruitment. It will be also important to perform repair assays in which the other 

components are present to determine at what point the exonuclease comes into play. 
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Figure II-7 
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