
ABSTRACT 

HAO, PENGYU. Single Molecule Study of DNA Mismatch Repair. (Under the direction of Dr. 
Keith Weninger). 
 
During DNA replication, DNA polymerase duplicates the original DNA molecule into two 

identical replicas. Although polymerase is very accurate at copying DNA, there remains a small 

but non-zero error rate at which incorrect bases are incorporated. Organisms have mechanisms 

involving DNA mismatch repair (MMR) protein machinery to repair mismatched nucleotide 

bases and short insertion/deletion loops in newly replicated DNA. Decades of study on MMR 

processes have revealed that MutS and MutL proteins play essential roles in initiating and 

signaling repair, yet many mechanistic details are still lacking at the molecular level. Here we 

use single molecule fluorescence resonance energy transfer to characterize the dynamic 

interaction of Thermus aquaticus (Taq) MutS with T-bulge mismatched DNA. We also observe 

the impact of Taq MutL during MutS mismatch recognition and mobile clamp formation. We 

find that DNA and MutS perform coordinated sequential structural changes that lead to the 

formation of a MutS mobile clamp. After initial conversion of mismatch bound MutS into a 

mobile clamp, ATP hydrolysis enables MutS to frequently cycle between revisiting the mismatch 

and reentering the mobile clamp state without dissociating from the DNA.  MutL interaction 

with a MutS mobile clamp leads to a protein complex that no longer diffuses rapidly along the 

DNA. Combined with previous studies, we propose a model where MutS remains in close 

proximity to the DNA mismatch where MutL stops its translocation along DNA before recruiting 

downstream MMR factors. This model localizes the MMR complex near the mismatch and 

facilitates efficient repair. We also describe explorations of Tethered Particle Motion (TPM) 

methodology, and its application to detecting DNA-protein interactions.  
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CHAPTER 1 

Introduction to DNA Mismatch Repair and Single Molecule FRET 

1.1: Biological Significance of Mismatch Repair 

 During DNA replication, DNA polymerase duplicates the original DNA molecule into two 

identical replicas. Each new DNA molecule is composed of one newly synthesized daughter 

strand and one parent strand inherited from the DNA template. DNA polymerase has a small 

but non-zero rate of making single base mismatch errors during DNA replication. In fact, about 

1 base per million is copied wrongly. If not corrected, the wrongly incorporated nucleotide will 

be duplicated in the next round of DNA replication. These errors accumulate through cycles of 

DNA propagation and will eventually disrupt the integrity of genomic information, causing 

genomic disorder and diseases.  

 To address the detrimental effects of polymerase errors, organisms have developed a 

cellular system comprised of DNA mismatch repair (MMR) protein machinery to repair 

mismatched nucleotide bases and short insertion/deletion loops after replication. In humans, 

mutations in the MMR genes cause a greatly increased rate of genome-wide point mutations 

and are linked to Lynch syndrome as well as several other sporadic cancers (Peltomäki 2003). 

MMR proteins are highly conserved throughout prokaryotes and eukaryotes. The activities of 

MMR are best characterized in E. Coli, though substantial information on yeast and human 

systems is also available. Mechanistically, the MMR process involves three discrete steps: 1) 

error identification by MutS protein; 2) exonuclease activity by MutL (or MutH in E. coli) to 

provide an entry point for exonuclease to remove the mismatch in daughter strand and create a 
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single-stranded gap; and 3) resynthesis of the ssDNA gap followed by DNA ligation to seal the 

nicks (Kunkel and Erie 2005; Iyer, Pluciennik et al. 2006).  

 Two critical mechanistic details in the early stages of the mismatch repair pathway 

remain unknown. First, it is not clear how the wrongly incorporated base at the mismatch site is 

identified. One of the mismatched nucleotides is passed down from the parent strand and 

contains the correct genetic information, whereas the other base in the mismatched basepair is 

an error generated during DNA replication. Identifying the parent and daughter strands relies 

on transient strand discrimination signal before the replication process completes. Studies have 

revealed some of how the MMR machinery accomplishes these tasks but a clear picture is 

lacking. Second, the strand discrimination signals discovered so far are spatially separated from 

the mismatch site (Kunkel and Erie 2005; Iyer, Pluciennik et al. 2006). MutS protein has been 

shown to have direct physical interaction with the mismatched base in order to recognize the 

mismatch (Biswas & Hsieh 1997; Qiu, Derocco et al. 2012). How this communication between the 

information of mismatch position and the strand identities is carried out by the MMR proteins 

still remains controversial. In this thesis, we utilize single molecule fluorescence techniques to 

characterize the conformational dynamics of MMR protein-DNA complex to shed light on these 

questions. 

 

1.2: Mismatch Repair in E. Coli 

 E. Coli MMR pathway has been studied as a model for over two decades, and its early 

activities along the pathway have been well characterized (figure 1.1) (Modrich 2006; Iyer, 

Pluciennik et al. 2006). The strand discrimination signal in E. Coli arises from the fact that the 
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parent strand is methylated at GATC site while the newly synthesized daughter strand is 

transiently unmethylated. The hemi-methylated GATC site can be found up to 1000bp away 

from the mismatch. The mechanism of this long-distance communication between the 

mismatch and a GATC site in E. coli is still under investigation. Nonetheless, it has been proven 

by various studies that E. Coli MutS protein first initiates MMR by binding to mismatched DNA. 

In the presence of ATP, mismatch-bound MutS undergoes a series of conformational changes 

and converts into sliding clamp that translocate along the duplex part of the DNA. MutL joins 

MutS in its sliding clamp state but controversy arises in regard to the fate of MutS/MutL/DNA 

ternary complex. Schofield shows that MutL associates with MutS and prevents its 

translocation (Schofield, Nayak et al. 2001). Liu claims that MutL and MutS together form a 

sliding complex (Liu, Hanne et al. 2016). The MutS/MutL complex then stimulates the 

endonuclease activity of MutH at the hemimethylated GATC sites. Activated MutH nicks the 

GATC site on the unmethylated daughter strand, and this nick serves as the entry point for 

strand excision (Bao and Yang 1998). DNA helicase II (UvrD) unwinds the DNA towards the 

mismatch in a 3` to 5` direction and a single-strand exonuclease joins to hydrolyze the 

phosphodiester bonds to a point past the mismatch (Dao and Modrich 1998). ExoVII or RecJ 

exonucleases are responsible for the hydrolysis if the MutH incision occurs at 5` to the 

mismatch. SSB (single-strand binding protein) protects the exposed single-stranded DNA 

segment generated by exonuclease excision activity (Dao and Modrich 1998). DNA polymerase 

III then resynthesized the excised strand and the nicks between the correctly synthesized DNA 

single strand pieces and the remaining of daughter strand during replication are sealed by DNA 

ligase (Modrich and Lahue 1996).  
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Figure 1.1: Mechanism of E. Coli methyl-directed mismatch repair (reproduced from Iyer, 

Pluciennik et al. 2006). E. Coli mismatch repair pathway is initiated first by binding of MutS to 

the mismatch site. The MutS/MutL complex activates the endonucleases activity of MutH to 

create a nick at the on the unmethylated strand at hemimethylated GATC site. The GATC site on 

the daughter strand produced during DNA replication remain transiently unmethylated and 

used by E. Coli MMR system as strand discrimination signal. The nick created by MutH serves as 

the entry point for helicase and exonucleases. Exonucleases activities remove the mismatch on 

the daughter strand and the DNA polymerase III correctly resynthesizes the strand. DNA ligase 

seals the nick to finish MMR. E. Coli MMR system recruits different sets of exonucleases for 5’ 

directed repair and 3’ directed repair. The process remains the same regardless of the relative 

position of the strand discrimination signal.  
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1.3: Mismatch Repair in Eukaryotes 

 Mismatch repair in eukaryotes shares many features with E. Coli MMR (Modrich 2006). 

DNA mismatch is first recognized by a MutS homolog. Depending on the nature of mismatch, a 

variety of MutS homologs can participate. MutS (MSH2-MSH6) is primarily responsible for 

repairing single base-base and IDL mismatches, and MutS (MSH2-MSH3) is primarily 

responsible for repairing large IDL mismatches containing up to 16 extra nucleotides in one 

strand (Modrich 2006). Other MutS homologs also exist for other cellular activities but will not 

be discussed here further. Next, a MutL homolog (MutL (MLH1-PMS2 in human and MLH1-

PMS1 in yeast)) is recruited to the MutS/DNA complex in the presence of ATP. Eukaryotes have 

no known homolog of E. Coli MutH, so the identification of the daughter strand and initiation of 

the strand excision proceeds in a different manner. Strand discontinuities associated with 

replication may serve this purpose. In vitro experiments have shown that a nick or gap on the 

DNA substrate can direct the MMR to a specific strand (Umar, Buermeyer et al. 1996; Pavlov, 

Mian et al. 2003).  

 In addition, different from methyl-directed MMR in E. Coli, no eukaryotic DNA helicase 

has been shown to participate in MMR. ExoI is the only exonuclease that has been related to 

excision process in eukaryotic MMR, and it is known to perform exonuclease activity with a 

strong directionality (5’->3’). ExoI is essential for mismatch removal in eukaryotes given the 

observation that depletion of ExoI activity attenuates both 5’ to 3’ and 3’ to 5’ excision 

(Genschel, Bazemore et al. 2002). Considering the nick used by ExoI as an entry point has been 

found located both 5’ and 3’ to the mismatch in vitro, Waga and Stillman showed ExoI 

interaction with PCNA and RFC surprisingly stimulate the ability of 3’->5’ mismatch removal 
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(Wage and Stillman 1998). On the other hand, Kadyrov and Modrich reported that MutL 

harbors a latent endonuclease activity that can be activated by a combination of DNA mismatch, 

MutS, PCNA, RFC and ATP (Kadyrov, Dzantiev et al. 2006). The incision by MutL creates nicks 

on both 5’ and 3’ sides of the mismatch on the discontinuous strand, thus provides ExoI an 

entry point 5’ to the mismatch when only a 3’ preexisting nick is present. This discovery 

suggests that in vivo, the preexisting nick, including that from the strand discontinuity during 

DNA replication, can only serve as a strand discrimination signal for the MutL to create a 5’ 

nick to the mismatch that facilitates strand excision by ExoI (figure 1.2). This proposed mode of 

excision initiation, however, is challenged by a reconstitution study that found MutL is not 

required for repair in a 5’-directed MMR. (Zhang, Yuan et al. 2005; Constantin, Dzantiev et al. 

2005).  
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Figure 1.2: Possible role of MutL latent endonuclease activity in eukaryotic mismatch repair 

pathway (reproduced from Modrich 2006). Strand break marks the newly-synthesized daughter 

strand. 5’ to 3’ exonuclease activity by ExoI removes the mismatch in eukaryotic system. Since 

no 3’->5’ cleavage by ExoI is detected, this model proposes that MutL can nick the DNA on 

both sides of the mismatch using a preexisiting nick on the daughter strand (either side of the 

mismatch) as strand discrimination signal. The 5’ nick created by MutLbecomes the entry 

point of ExoI and promotes the mismatch process forward. 
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1.4: Structural and Biochemical Information about MutS  

 As mentioned above, MutS homologs are the protein that is responsible for MMR 

initiation by recognizing and binding to the mismatch nucleotides, and MutL homologs interface 

MutS initiation to the downstream processes (Modrich 2006). Despite the fact that MutS and 

MutL homologs are heterodimers in eukaryotes and homodimers in prokaryotes, all MutS 

homologs possess DNA binding and ATPase activities. Here we discuss and compare the 

structures and biochemical properties of E. Coli, Taq and eukaryotic MutS to help 

understanding their functions in the early stage of MMR. 

 Atomic resolution structures of E. Coli, Taq and human MutS homologs bound to various 

single-base mismatch or short insertion/deletion errors have been solved by crystallography. All 

MutS structures share high similarity (Larmas, Perrakis et al 2000; Obmolova, Ban et al. 2000; 

Natrajan, Lamers et al. 2003). 

 

1.4.1: MutS Structure and Its Asymmetric Subunits 

 Taq MutS is comprised of two identical monomers with five domains on each subunit 

(Figure 1.3). Domain I and IV bind to DNA, and domain V contains dimerization motif and 

adenosine nucleotide binding site. The DNA and adenosine nucleotide binding sites are widely 

separated but connected by domain III, which interacts directly with domain IV and indirectly 

with domain I via domain II. In the absence of DNA, domain I and domain VI remains mobile and 

cannot be solved by crystallography. These two domains are stabilized by the interaction with 

mismatch DNA. Although being a homodimer, Taq MutS shows asymmetric binding to 

mismatch DNA, with each subunit making numerous but different contacts. Most contacts are 
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to the backbone and are therefore DNA sequence nonspecific. Only two residues, which reside 

in a Phe-X-Glu motif, make mismatch base specific contacts. The mismatched base stacks with 

the aromatic ring of the phenylalanine. Note that this asymmetric contact between mismatch 

DNA and the two subunits of MutS is conserved in its eukaryotic homologs, such that the MSH6 

harbors the Phe-X-Glu motif but not in MSH2 or MSH3 (Kunkel and Erie 2005).  

 The asymmetry of the Taq MutS homodimer is also reflected on the adenosine 

nucleotide binding and ATPase activities between the two subunits. With the help of stopped-

flow techniques, Antony and Hingorani characterized distinguishable activities of the two 

subunits of Taq MutS homodimer. They showed that in a MutS dimer, the nucleotide binding 

affinity differs by 10-fold between the two subunits. The sute with higher binding affinity (S1) 

also show rapid ATP hydrolysis while the APTase site in the other subunit is slower by 30-50-

fold. Mismatched DNA binding to MutS inhibits ATP hydrolysis at S1 but S2 is not affected. ATP 

binding to both ATPase sites on the subunits weakens the interaction between mismatched 

DNA and MutS. The interaction remain stable if S1 is occupied by ATP and S2 occupied by ADP. 

These results show that though being a homodimer, Taq MutS has an asymmetry in ATPase 

activity in its two sites that is similar to the eukaryotic homologs in terms of adenosine 

nucleotide binding and hydrolysis (Antony and Hingorani, 2004). 
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Figure 1.3: Structures of MutS homologs. a) Taq MutS bound at T-bulge on DNA without any 

nucleotide present (PDB:1ewq). The labeling sites used for single-molecule FRET studies are 

marked as M88 and E315. b) DNA-free Taq MutS homodimer (reproduced from Kunkel and Erie 

2005). Note that domain I and IV are not crystalized due to their high flexibility. c) Detail of 

MutS contacts with T-bulge mismatched DNA (reproduced from Kunkel and Erie 2005). d) The E. 

Coli MutS dimer subunits (blue/cyan) tilt across each other compared to the mismatch-bound 

state (red/pink) (reproduced from Groothuizen, Winkler et al. 2015). Connector and mismatch-

binding domains are hidden for clarity. 

  

a b 

c d 
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1.4.2: DNA bending by MutS 

 Although high resolution structures of MutS-DNA complexes show that MutS bends 

DNA at the mismatch site, questions remain about how the DNA bending is related to MMR 

pathways. Multiple studies, including Atomic Force Microscopy (AFM) and single molecule FRET, 

have been used to reveal conformational details of MutS-bound to both mismatched DNA and 

homoduplex (not containing a mismatched base) DNA (Wang, Yang et al. 2003; Sass, Lanyi et al. 

2010). 

 AFM visualizes the conformation of biomolecules after they get deposited on a surface. 

Molecules are ‘snap-frozen’ during the deposition and are locked in their instantaneous states. 

The statistical analysis of the AFM images shows that DNA is bent at homoduplex sites in the 

MutS-DNA complexes, but DNA states that are both bent and unbent are observed when MutS 

binds at mismatch site (Wang, Yang et al 2003). These observations suggest that the unbent 

state is a result of the specific interaction between MutS and the mismatch base, while the bent 

state at the mismatch site is an intermediate in the formation of the unbent state. Dynamic 

conformational changes within the mismatch-bound MutS-DNA complex were suggested by 

these static observations (figure 1.4). 

 smFRET is a perfect technique for characterizing dynamic processes in a molecular 

system. With a FRET fluorophore pair attached at appropriate locations within the complex of 

interest, the distance changes between the fluorophore pair that are induced by conformation 

shifts in the molecule will be reflected by the changes in FRET values.  Several smFRET studies 

have provided insights into transitions among bending states of the MutS-DNA complex. With 

DNA labeled by donor and acceptor 19 bp apart and located on opposite sides of the GT 
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mismatch site, Sass observed highly dynamic FRET traces of each DNA molecule in the presence 

of MutS (figure 1.5) (Sass, Lanyi et al. 2010). Six bending states were identified based on the 

FRET value and lifetime analysis. Binding of MutS to a free mismatched DNA mostly leads to a 

bent state first, then transits to the unbent state (42%) or MutS direct dissociation (35%). 

 One interesting biochemical study that supports the idea that bending/unbending is 

essential to proceed along the MMR pathway shows that palindromic mispairs, which are 

statically bent, serve as good substrates for MutS binding but fail to promote the formation of 

DNA/MutS/MutL ternary complex while also showing refractoriness towards MMR in vivo 

(Wang, Yang et al. 2003). This observation further strengthens the hypothesis that dynamic 

MutS-DNA interaction is essential for the initiation of MMR. 
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Figure 1.4: AFM study of MutS-DNA complex. GT mismatched DNAs are used for E. Coli MutS 

and T-bulge DNA is used for Taq MutS. Specific complexes (MutS bound at the mismatch) and 

nonspecific complexes (MutS bound at homoduplex region) can be distinguished based on their 

locations along the DNA contour (reproduced from Wang, Yang et al 2003). a) Mismatched DNA 

substrates used for this study. b) Representative AFM images of MutS-DNA complexes. Bend 

angles are labeled at the bottom left corners. c) Histograms of DNA bend angles induced by E. 

Coli and Taq MutS. Upper panel shows observed DNA bend angles of specific complexes and 

bottom panel shows observed DNA bend angles of nonspecific complexes. Compared to the 

single bent population of the nonspecific complexes, an additional unbent population exists for 

the complexes at the mismatch. This indicates the specific complexes can adopt multiple 

conformations. 

  

a c 

b 
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Figure 1.5: Single molecule FRET study of DNA bending by Taq MutS (reproduced from Sass, 

Lanyi et al. 2010). a) Scheme of the experiment. The FRET fluorophores are located 19 base 

pairs apart with the GT mismatch halfway between the dyes. Bending by MutS at the mismatch 

reduces the distance between the two dyes, resulting in a higher FRET. b) Representative FRET 

traces reveal the dynamical behavior of GT mismatched DNA in the presence of MutS in real 

time. c) MutS does not change the FRET distribution on the homoduplex DNA, compared to 

DNA in the absence of MutS. Interaction of MutS and GT mismatched DNA induced a high FRET 

population. 

 

 

  

a c 

b 
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1.4.3: MutS Forming Mobile Clamp after Mismatch Recognition 

 The ATP-dependent transition of MutS into a mobile clamp that slides diffusively along 

the DNA after the initial MM recognition has been reported by many studies. This main 

evidence arises from the observation that in the presence of ATP, E. Coli MutS and human 

MutS dissociate from a mismatched DNA with ends open within a minute but remain bound 

to the DNA for tens of minutes when the ends of the DNA are blocked (Jeong, Cho et al. 2011). 

DNase footprinting studies also show that MutS stays at the mismatched base without any 

nucleotide present in solution but migrate away in the presence of ATP (Schofield, Nayak et al. 

2001). The observation that multiple MutS can load on end-blocked or circular DNA with a 

single mismatch strengthen this suggestion, given that MutS primarily associates with DNA 

through the mismatch site and that a mismatch site with MutS-bound cannot facilitate loading 

another MutS molecule (Acharya, Foster et al. 2003; Qiu, Derocco et al. 2012). 

 With the development of single-molecule techniques, more and more evidence 

supporting the MutS mobile clamp model has emerged. The earliest single molecule 

experiment detecting mobile clamp formation used optical trapping to monitor the location of 

the DNA substrate where the force required to unzip a double-stranded DNA is increased, 

presumably because of bound protein (Jiang, Bai et al. 2005). They reported that with addition 

of yMutS and ADP, the locations of increased force agrees with the position of the mismatch 

on the DNA; however, when ADP is substituted by ATP or ATPS, the locations of increased 

force no longer colocalize with the mismatch, suggesting a mobile clamp mode. However, this 

approach does not provide a time resolved picture of these conformational changes. 
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 Single molecule fluorescence methods have also been used to study the interaction 

between mismatched DNA and MutS protein. Gorman built DNA constructs with 3 

mismatches spaced by 38 bp and tethered the mismatched DNA substrate to the surface by 

DNA curtain technique (Gorman, Wang et al. 2012). The position of quantum dot labeled 

MutS on the mismatched DNA was tracked under various conditions. MutS was reported to 

reside on top of the mismatch site for as long as 9.6 min. Injection of 1mM ATP triggered most 

of the mismatch bound MutS to form a mobile clamp that scanned the homoduplex by 1D 

diffusion. Kymographs visualized QD-MutS leaving the mismatch and diffusing away for as far 

as 10,000 bp. With the help of smFRET, Qiu monitored the interactions between donor-labeled 

Taq MutS and acceptor-labeled T-bulge DNA (Qiu, Derocco et al. 2012). Taq MutS  directly 

dissociated from the T-bulge after about 2s in the presence of ADP. FRET traces also revealed 

that in the presence of ATP, after initial MM binding and conformational changes reflected by 

FRET value changes, Taq MutS eventually turns into a mobile clamp and leaves the MM but 

remain bound to the DNA, presenting as lingering donor fluorescence but no FRET to the 

acceptor. The lifetime of Taq MutS mobile clamp increases significantly when the free end of 

DNA is blocked. 
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Figure 1.6: The ATP-provoked formation of MutS mobile clamp has been observed by many 

approaches. a) ATP-dependent disscocation of Taq MutS from T-bulge mismatched DNA is 

blocked by four-way DNA junctions. The electrophoresis bands representing DNA free of MutS 

and DNA bound by MutS are indicated by arrows (reproduced from Schofield, Nayak et al. 

2001). b) SPR response curves of MutS-DNA interaction (reproduced from Mendillo, Hargreaves 

et al. 2009). GT mismatch faciliates MutS binding to the DNA substrate comparing to 

homoduplex DNA; addition of ATP provokes dissociation of  DNA-bound MutS (upper panel). In 

the presence of ATP, blocking the DNA free end by LacI drastically increased the binding of 

MutS to GT mismatched DNA; the SPR response drops to same level as unblocked DNA once the 

LacI DNA blocked is removed by IPTG. c) Kymograph shows the tracking of quantum dot labeled 

MutS(reproduced from Gorman, Wang et al. 2012). Upon the arrival of ATP, MutS leaves 

the mismatch and perform bidirectional diffusion along the DNA.  

a b 

c 
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1.5: Structural and Biochemical Information about MutL 

 MutL protein plays central roles in coordinating various steps in the mismatch repair 

pathway (Plotz, Welsch et al. 2006; Lee and Alani 2006). The dimeric MutL harbors ATP binding 

and hydrolysis activities. It has been shown to interact with other MMR proteins and modulate 

their activities.  

 Most MutL homologs exhibit high similarity. Both heterodimeric eukaryotic MutL 

(MLH1-PMS2 in human and MLH1-PMS1 in yeast) and homodimeric prokaryotic MutL dimerize 

via their C-terminal domain. The N-terminal domain, which has the ATPase site, connects to the 

C-terminal domain via an unstructured linker domain. This long flexible linker makes the 

crystallization of full-length MutL nearly impossible. Instead, the N-terminal domain and the C-

terminal domain have been crystallized separately and a full-length model has been 

constructed based on these results (Ban and Yang 1998; Kosinishi, Steindorf et al. 2005; 

Polosina, Cupples 2010). A relatively new study reported the crystal structure of E. Coli 

MutS/MutLLN40/DNA ternary complex with the presence of GT mismatched DNA and non-

hydrolizable ATP analog AMPPNP (Groothuizen, Winkler et al. 2015). MutLLN40 is notation for a 

fragment of MutL consisting of the 40 kDa N-terminal “LN40” domain.  They claim that in the  

mobile clamp state, the two subunits of MutS tilt against each other and the reorientation of 

the connector domain creates an interface for MutLLN40 on both MutS subunits. MutLLN40 

also interacts with MutS through another interface, comprised of the largest -sheet of the 

ATPase domain of MutLLN40 and ATPase and core domains of MutS. An AFM study shows that 

MutL exists in four forms with both linker regions on the two subunits extended or condensed, 

dependent of the nucleotide conditions. Coupled with biochemical techniques, Sacho proposed 
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these nucleotide-dependent conformational changes mediate the interactions of MutL with 

other proteins in the MMR pathway (Saho, Kadyrov et al. 2008). 

 MutL is the recruited in the MMR pathway after initial mismatch recognition by MutS, 

yet how MutL interacts with MutS/DNA complex still remains controversial. Based on gel shift 

results with T-bulge and GT mismatched DNA, Schofield concluded that E. Coli MutL 

significantly retards the ATP-dependent translocation of E. Coli MutS from a mismatch 

(Schofield, Nayak et al. 2001). They also reported that incorporation of E. Coli MutL to the E. 

Coli MutS/DNA complex requires a certain length of DNA to accommodate the footprint of the 

proteins on the DNA. Such DNA chain length dependency of MutL binding is also reported by 

Blackwell and Wang on human MutS/MutL proteins using SPR (Blackwell, Wang & Modrich 

2001). Two major models have been proposed about the nature of this MutS/MutL/DNA 

ternary complex. Using a set of E. Coli MutS-MutL complex gel shift experiments on end-

blocked GT mismatched DNA, Acharya reported that MutL protein only interacts with ATP-

bound MutS mobile clamp (Acharya, Foster et al. 2003). Their SPR results suggested the MutS-

MutL complex is capable of diffusion along DNA independent of ATP-hydrolysis. Liu directly 

visualized E. Coli MutS-MutL complexes sliding along DNA in the presence of ATP using 

fluorophore labeled proteins and surface double-tethered DNA (Liu, Hanne et al. 2016). With a 

similar fluorescence approach, this sliding behavior of MutS-MutL complexes was also reported 

by Gorman using yeast MutS and MutL (Gorman, Wang et al. 2012). However, a model that 

MutL stops MutS from sliding has also been proposed. smFRET measurements of Taq MutS and 

MutL by Qiu suggest that MutL and MutS forms a complex at the mismatch that prevents MutS 

from converting to mobile clamp state (Qiu, Sakato et al. 2015). With an acceptor on T-bulge 
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DNA and a donor on MutS, Qiu observed dynamics in the position of domain I of MutS, even 

though MutS is trapped at the mismatch by MutL. Photobleaching steps indicate that the 

stoichiometry of MutS and MutL is maximal at 2 MutL and 1 MutS within a cross-linked complex. 
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Figure 1.7: Structure of MutL homologs. a) The composite structure model of full length E. Coli 

MutL based on crystal structures of the N-terminal (LN40) (PDB:1B62) domain and C-terminal 

domain (LN20) (PDB:1X9Z)(reproduced from Polosina, Cupples 2010). b) Crystal structure of the 

crosslinked E. Coli MutSΔC800/MutLLN40 complex in the presence of ATP 

(PDB:5AKB)(reproduced from Groothuizen, Winkler et al. 2015). Each MutLLN40 subunit (green) 

interacts via two interfaces (orange/yellow) with the MutSΔC800 dimer (blue/cyan). 

 

 

  

a b 
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1.6: Signaling Models for Strand Discrimination 

 The MutS/MutL/DNA complex is believed to be a key intermediate in the MMR pathway, 

which is responsible for the communication of mismatch and strand discrimination signal 

(Kunkel and Erie 2005; Iyer, Pluciennik et al. 2006). However, how the complex fulfills this task 

is still controversial.  Based on the current biochemical and biophysical studies of the proteins, 

three types of models have been suggested (Figure 1.8). 

 An active translocation model was originally proposed based on the observation that E. 

Coli MutS mediates formation of DNA loops on heteroduplex DNA and MutL stimulates the loop 

formation while both MutS and MutL remain bound at the base of the loop (Junop, Obmolova 

et al. 2001; Jiang & Marszalek 2011). This looping of DNA can bring the mismatch site and distal 

strand discrimination mark into close proximity and promotes the downstream activities of 

MutS/MutL complex. 

 The second model depicts a scenario where MutS at the mismatch serves as a 

nucleation core for polymerization of MutL along the helix (Hall, Wang et al. 2001). Although 

AFM studies have shown that yeast MutL can form long protein tracks on DNA, this 

observation only emerges at low salt concentration. The weak DNA binding by yMutL at 

physiological salt concentration puts this discovery debatable under a physiological setting (Erie 

and Weninger 2014).  

 The third model, the molecular-switch model, proposes that MutL and MutS form an 

ATP-hydrolysis-independent mobile clamp that diffuses from the mismatch to the strand 

discrimination mark along the DNA. The observation of MutS mobile clamp and MutS/MutL 

complex sliding along DNA support this model, though the latter observation remains 
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debatable (Schofield, Nayak et al. 2001; Mendillo, Hargreaves et al. 2009; Gorman, Wang et al. 

2012; Liu, Hanne et al. 2016). How the mismatch or strand discrimination signal is preserved 

once the complex leaves the signal sides is still an open question. The orientation specific 

loading of -Clamp in prokaryotes and PCNA in eukaryotes through DNA nick may serve to pass 

on the strand discrimination signal to the MutS/MutL complex (Umar, Buermeyer et al. 1996; 

Lee and Alani 2006). 

 These models are not mutually exclusive. Considering the conflicting observations made 

over the years, it would not be surprising if the actual pathway involves aspects of multiple 

models. This thesis reports smFRET studies done on Taq MutS and MutL that can shed light on 

the mechanism of mismatch repair. 
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Figure 1.8: Model for coupling of mismatch recognition and strand discrimination (reproduced 

from Iyer, Pluciennik et al. 2006). The first model posits ATP-dependent movement of MutS 

homologs as well as MutS/MutL complex along the DNA contour from the mismatch to the 

strand signal. The second model depicts a nucleation mode where MutS-mismatch complex 

serves as a nucleation core for MutL along the helix. In the above two models, the strand signal 

in principle can be preserved or propagated during the development of the complex along the 

DNA. The third model describes that the MutS/MutL complex remains bound to mismatch and 

activates downstream processes at the strand signal mediated by a DNA bending mechanism. 
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1.7: Overview of Single Molecule Fluorescence Resonance Energy Transfer 

1.7.1: FRET 

 Fluorescence resonance energy transfer (FRET) is a powerful tool with high precision for 

measuring distance at nanometer scales, which makes it a perfect method for detecting 

conformational information of macromolecules. 

 FRET occurs between two fluorophores that are physically within FRET distance 

(typically 2-8 nm) from each other. The fluorophore with a shorter excitation wavelength is 

referred as donor and the fluorophore with a longer wavelength is referred as acceptor. The 

emission spectrum of the donor needs to overlap the absorption of the acceptor to fulfill 

spectral requirement of FRET. A laser with wavelength in the absorption spectrum of the donor 

drives the donor molecule to its excited state. In contrast to a normal fluorescence process 

where the fluorophore de-excites back to its ground by emitting a photon, the donor in a FRET 

system transfers this energy to the nearby acceptor by near-field dipole-dipole interaction, with 

the donor returning to the ground state. The acceptor receives this energy and converts to its 

excited state, from which it can emit a photon in its emission band. From the observers’ point 

of view, this whole energy transferring process changes the emitted energy from the form of 

donor emitted photon, which has shorter wavelength and higher energy, into the form of 

acceptor emitted photon with longer wavelength and lower energy. Some energy does 

dissipate in this process. 

 The rate of the energy transfer for a donor and an acceptor separated by a distance of r 

is given by (Lakowicz 2006) 

   𝑘𝑇(𝑟) =  
𝑄𝐷𝜅2

τ𝐷𝑟6 (
9000(ln 10)

128𝜋6𝑁𝑛4 ) ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)
∞

0
𝜆4𝑑𝜆                                  (2.1) 
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Where QD is the characteristic quantum yield of donor, n is the refractive index of the medium, 

N is Avogadro’s number, D is the characteristic lifetime of the donor and r is the physical 

distance between the donor and acceptor. FD() is the corrected and normalized fluorescence 

intensity of the donor in the wavelength range  to + Δ. εA (λ) is the extinction coefficient of 

the acceptor at λ. 𝜅2 describes the relative orientation of the transition dipoles of the donor 

and acceptor. When both the dipoles of donor and acceptor are free to rotate in space, the 

averaging of the random donor and acceptor orientation gives 𝜅2 equal to 2/3. 

 The efficiency of energy transfer is defined as the fraction of photons which are 

absorbed by the donor and then transferred to acceptor over the total photons absorbed by 

the donor. This fraction is determined by the ratio of the transfer rate to the total decay rate of 

the donor in the presence of acceptor. 

     𝐸 =  
𝑘𝑇(𝑟)

𝜏𝐷
−1+𝑘𝑇(𝑟)

                                                                 (2.2) 

The distance where the FRET efficiency is 50% is defined as Förster distance. From equation (1.1) 

and (1.2), one can derive 

    𝑅0
6 =

9000(ln 10)𝑄𝐷𝜅2

128𝜋5𝑁𝑛4 ∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)
∞

0
𝜆4𝑑𝜆                                (2.3) 

And 

                                                                        𝐸 =
𝑅0

6

𝑅0
6+𝑟6                                                                (2.4) 

The Förster distances of commonly used FRET dye pairs are in the range of 4 to 6 nm. 

 In single molecule FRET experiments, one measures the intensities of donor emission 

and acceptor emission to calculate the FRET efficiency: 

           𝐸 =  
𝐼𝐴

𝐼𝐴+𝐼𝐷
     (2.5) 
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 The differences in quantum yield and instrument detection efficiencies between the 

donor and acceptor can introduce error in E calculation. A correction factor gamma, which is 

defined as 

      𝛾 =  
𝜂𝐴 φ𝐴

𝜂𝐷 φ𝐷
     (2.6) 

Can be measured for the specific FRET fluorophores and instrument used to correct this error. 

The energy transfer efficiency then becomes 

      𝐸 =  
𝐼𝐴

𝐼𝐴+𝛾𝐼𝐷
     (2.7) 

 A view toward understanding of this efficiency is provided by taking into account the 

fact that an individual excitation/relaxation cycle of a fluorophore only takes a few 

nanoseconds, the donor absorbs and releases energy millions of times per second under 

continuous laser illumination. However, not every cycle leads to an energy transfer event 

followed by acceptor photon emission; those that fail would instead result in donor photon 

emission. The ratio of detected acceptor intensity to the sum of both acceptor and donor 

intensity represents this transfer efficiency. 

 

1.7.2: Total internal reflection (TIR) and single molecule Fluorescence 

 The phenomenon of total internal reflection fluorescence was first introduced to the 

world of optical microscopy by Daniel Axelrod over 30 years ago (Stout and Axelrod 1989). TIRF 

microscopy utilizes the evanescent field at the interface where TIR is created by the unmatching 

refractive indices and high incidence angle. The evanescent field only penetrates the sample to 

about 200nm. Compared to epifluorescence microscopy where the incident beam goes through 

the entire sample, this shallow penetration depth allows for thin optical sectioning and 
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provides excellent signal-to-noise ratio. To satisfy the physical requirements of TIRF, the 

incident beam must 1) be directed onto the sample interface at an angle larger than the critical 

angle and 2) be parallel so that the entire incident light beam is at the same angle. There are 

two types of TIRF setup that are commonly used by researcher: through-the-objective TIRF and 

prism-based TIRF (Mattheyses, Simon et al. 2010). 

 In a through-the-objective TIRF system, the beam is directed through the objective lens 

to excite the sample. To achieve the high incident angle, the objective lens used must have a 

high numerical aperture (N.A.), usually over 1.4. The beam must be parallel the axis but off-axis 

inside the lens. The further the beam goes off-axis, the larger the incidence angle will be. The 

large N.A. also brings the advantage that more signal can be collected from the large collection 

cone. In order to gain parallel excitation beam out of the objective, the beam is focused on the 

back focal plane of the lens. Through-the-objective TIRF system is popular because of allows 

sample access on inverted microscopes. 

 In a prism-based TIRF system, the excitation beam is delivered to the sample through a 

prism from free space at a large incidence angle. The beam reflects at the interface of slide and 

aqueous sample solution. Immersion oil with refractive index matching those of the prism and 

slide material is used to guide the beam through without any deflection. The collimation of the 

light beam is easily achieved by the flexibility of custom-build optical system. Prism-based TIRF 

system is in general inexpensive to set up and produces a ‘cleaner’ evanescent field with less 

scattered light, lower background and a greater range of incidence angle. It is also easier to 

build a multi-color TIRF system on prism-based type than the though-the-objective type since 

for the latter one the incident beams share more optical elements in the path and the 
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chromatic aberration increase the complexity. The TIRF system used in this thesis is prism-

based. 

 The magical properties of the evanescent field make TIRF system a perfect tool for 

single molecule fluorescence studies. Low densities of target molecules, which are usually 

fluorescently labeled, are immobilized on the surface. The evanescent field generated by TIR 

reduces the background signal by confining the excitation in a very thin layer, exciting only the 

immobilized molecules but not the sample in solution. The fluorescent signal is then collected 

through a 60x water lens (N.A. = 1.20) and detected by an emCCD so that hundreds of 

molecules can be monitored at the same time. This approach provides time resolution in the 

range of 10 to 100ms, limited by the weak emission of a single fluorophore. One can achieve 

higher time resolution by using a confocal system and avalanche photodiode detector; though 

the efficiency of data collecting is sacrificed since confocal systems can only measure one 

molecule at a time. 

 Single molecule detection provides multiple advantages over the conventional bulk 

experiments. As implied by the name, single molecule techniques allow us to monitor one 

molecule in action. The molecules in a test tube may not be doing the exact same thing at the 

same time. Subgroups of molecules that at behaving differently at the same time, which are 

usually overwhelmed by the averaging of the ensemble, can be distinguished by the single 

molecule approach. Dynamic information from a single molecule allows derivation of kinetic 

properties of a non-synchronized system, which is not possible with bulk experiments. Due to 

the high sensitivity of single molecule detection, rare event or molecule of interest can also be 

revealed. 
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 In our experiments, samples are surface immobilized and excited by a sequence of two 

lasers. A laser with longer wavelength is used first excite the acceptor to verify the presence of 

the acceptor and to find its location. Then a laser with shorter wavelength is used to excite the 

donor. If the distance between the donor and acceptor is within the FRET range, the energy 

transfer from the exited donor to the acceptor can occur. FRET efficiency E can be calculated by 

measuring the intensities of the acceptor and donor emission. Statistics of different FRET states 

is retrieved by tabulating the FRET values and lifetimes into histograms. For the dye pair Cy3-

Cy5 or Alexa555-Alexa647, 532nm and 640nm lasers are used. Surface passivated quartz slides 

are used to reduce background auto-fluorescence and prevent non-specific sample binding. 

Holes are dilled on the slide to allow buffer exchange. Flow chambers are constructed with 

double-sided tape and epoxy (Qiu, Derocco et al. 2012). 
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Figure 1.9: Fluorescence Resonance Energy Transfer and the concept of TIRF. a) The relation of 

FRET efficiency and the donor-acceptor separation. The efficiency is sensitive to the 6th power 

of the separation. b) A comparison between epifluorescence and TIR fluorescence (reproduced 

from Mattheyses, Simon et al. 2010). Notice that only the fluorescent molecules near the TIR 

surface is excited by TIRF. c) Schematics of two types of TIRF setup (reproduced from “Total 

internal reflection,” 2019). On the left is prism-based TIRF and on the right is through-the-

objective TIRF. 
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CHAPTER 2 

Coordinated DNA and MutS Conformational Change during Mismatch Recognition 

2.1: Introduction  

 In previous studies, Qiu examined the interaction of MutS with mismatched DNA by 

monitoring FRET between MutS labeled with a donor at M88C in Domains I and DNA labeled 

with an acceptor near a T-bulge (unpaired single thymine insertion), in the presence of ADP or 

ATP (Qiu, Derocco et al. 2012). In complementary experiments, Qiu also examined DNA-induced 

conformational changes in MutS by monitoring intra-protein FRET between donor- and 

acceptor-labeled Domains I (Qiu, Derocco et al. 2012; Qiu, Sakato et al. 2015). The study 

presented in this chapter expands upon the previous work by focusing on conformational 

changes in DNA during its interaction with MutS. Our experiment approach employs FRET 

between AF555-labeled MutS, with the dye located at E315C in Domains III (AF555-MutS-E315), 

and DNA labeled with an acceptor (Cy5) located 9 bases 3’ from a T-bulge. These experiments 

are similar to our previous studies with MutS labeled at M88C by Qiu; however, M88C is in 

Domains I which is highly mobile, whereas crystal structures and molecular dynamics 

simulations suggest that E315 is in a region of the protein that is non-mobile (Figure 2.6) 

(Obmolova, Ban et al. 2000; Lamers, Perrakis et al. 2000; Hsieh 1996). As described below, 

measuring FRET between AF555-MutS-E315C and Cy5-DNA enables us to monitor DNA 

conformational changes, while simultaneously following MutS mobile clamp formation.  

 As a complementary approach, LeBlanc et al. (LeBlanc, Gauer et al. 2018) monitored 

DNA conformational changes directly by measuring FRET between donor (TAMRA) and acceptor 

(Cy5) dyes flanking the T-bulge that are separated by 19bp. Aligning the sequence of transitions 
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and comparing the kinetic data from this set of experiments as well as results reported by Qiu 

allows us to correlate and characterize in detail the protein and DNA conformational changes 

that occur during mismatch recognition and subsequent formation of the MutS mobile clamp. A 

large fraction of the results in this chapter have been published as part of LeBlanc et al. 

(LeBlanc, Gauer et al. 2018). 

 

2.2: Materials and Methods 

2.2.1: Surface Preparation for Experiments 

 Quartz slides (with drilled holes) and glass cover slips are cleaned by bath sonication in 

acetone, ethanol and 1M potassium hydroxide in such order and stored in ultrapure water. A 

slide and coverslip are dried in air on a piece of paper towel before pegylation treatment. 

Methoxy-Poly (Ethylene Glycol)–Silane (mPEG) and Biotin-Poly (Ethylene Glycol)-Silane (Bio-PEG) 

are used to passivate the slide surface in order to prevent non-specific binding. A small amount 

of BioPEG is mixed into the reaction solution to provide biotin anchor point for surface 

immobilization of DNA molecules. Specifically, mPEG (Laysan Bio) and Bio-PEG (Laysan Bio) are 

aliquoted into 20mg and 2mg quantities in a glove box, respectively. A total volume of 80uL 

0.1M sodium bicarbonate buffer is added to the 20mg mPEG aliquot, vortexed to mix and 

followed by centrifugation to remove air bubbles. A 2mg aliquot of Bio-PEG is dissolved in 10uL 

0.1M sodium bicarbonate. 1uL of the Bio-PEG solution is then added into the mPEG solution to 

obtain a 1:100 biotin/non-biotin ratio. After vortex for a thorough mix and centrifugation for 

bubble removal, the PEG mixture is then applied to the quartz slide and then covered by a 

cleaned glass cover slip. After an overnight incubation, the coverslip is removed and both slide 
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and coverslip are rinsed thoroughly under running deionized water and allowed to dry in air. A 

second round of treatment, following the same procedure omitting BioPEG, is conducted to 

improve the quality of surface passivation (Le and Kim 2014). After this two rounds of 

pegylation, flow chambers are then constructed with double sided tapes bringing the slide and 

coverslip together and finalized by epoxy glue sealing the opening at the ends of the chamber, 

as described previously (Qiu, Derocco et al. 2012). 

 

2.2.2: DNA substrates 

 The construction of mismatched DNA substrates was described previously. A biotin 

modified primer (IDT) and a digoxigenin modified primer (IDT) are used for PCR to generate 

DNA with two attachable ends. In this study, biotin is used to attach the DNA molecule onto the 

functionalized PEG surface through biotin-streptavidin-biotin interaction. Digoxigenin is 

designed to facilitate to block the free end of DNA with anti-digoxigen, if desired. End-blocking 

strategy is not implemented in this chapter. After purification with PCR purification kit, nicks 

are created on the purified homoduplex PCR product DNA by nicking enzyme Nt.BbvcI (NEB). A 

short single stranded piece is then removed by conducting PCR purification while the sample is 

still hot from heating to 80C in a heat block, resulting in gapped DNA sample. The single 

stranded insert (IDT), containing a T-bulge mismatch (an extra T base comparing to its 

complement) and a Cy5 fluorophore 9 base pair 3` of the mismatch, is then annealed to cover 

the gapped region. Unreacted insert oligoes after the annealing reaction are removed sample 

by PCR purification kit. The nicks are then sealed by three rounds of ligation reactions with 

E.coli DNA ligase.  
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Table 2.1: Table of oligo used and figure of streamline for preparation of DNA substrate. 

 

 

 

Figure 2.1: Workflow of the creation of Tbulge DNA. 550mer PCR product is first nicked by 

enzyme Nt.BbvcI to create 4 nicks on one strand. The short piece surrounded by the nicks is 

removed by PCR purification kit while sample is heated. The Cy5 T-bulge insertion (extra T 

marked by underline) is then annealed to the single-stranded region, followed by 3 repeats of 

ligation reaction to seal the nicks.  

Name Sequence 

Biotin F primer 5’-/biotin/CGG CAT CAG AGC AGA TTC TA-3’ 

Dig R primer 5’-/dig/GAG TCA GTG AGC GAG GAA GC-3’ 

Cy5 T-bulge 
insertion 5’ -/5Phos/TCA GCA ATC TCT CAG CCA G/iCy5/GC CTC AGC TGG CC-3’ 
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 A series of single molecule experiments by Qiu showed that the backbone Cy5 dye in the 

insertion oligo does not significantly affect the interaction between Taq MutS and the mismatch. 

With MutS C42A/M88C AF555 and both Cy5 labeled T-bulge DNA and unlabeled Tbulge DNA, 

Qiu measured the kinetics of binding between MutS and mismatch in the absence of nucleotide 

as well as in the presence of ADP. The time constants resulted from labeled and unlabeled DNA 

are essentially the same across the two conditions (Qiu, Derocco et al. 2012). The consistency 

of binding kinetics determined with this single-molecule fluorescence approach using Cy5-

labeled DNA and unlabeled DNA confirms that the Cy5 backbone modification 9 bases from the 

mismatch site has minimal effect on the interaction between MutS and the mismatch. 

 

2.2.3: MutS protein 

 The expression and purification of Thermus aquaticus (Taq) MutS proteins were 

described previously (Qiu, Derocco et al. 2012). Two MutS mutants for different labeling 

strategies are used in this thesis: Taq MutS C42A/M88C and Taq MutS C42A/E315C. The 

expression plasmid for Taq MutS C42A/E315C was generously provided by Dr. Manju Hingorani. 

In brief, the MutS proteins are expressed in E. coli BL21 (DE3) cell line and purified by 

ammonium sulfate precipitation followed by Q-Sepharose chromatography. The mutated 

cysteines are then labeled by Alexa Flour 555-maleimide with labeling efficiency ranging from 

60% to 93% for M88C and about 100% for E315C. Free dyes were removed by gravity gel-

filtration.   

 Ensemble experiments confirmed that these mutations and labeling on Taq MutS do not 

alter the biochemistry of the protein. MutS C42A/M88C and MutS C42A/M88C AF555 are 
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tested with stop-flow technique by Qiu et al. The equilibrium binding affinity of WT MutS and 

MutS C42A M88C AF555 to 2-AP labeled 37bp Tbulge DNA was measured with no significant 

difference detected (Kd = 15.9nM for WT MutS and Kd = 10.9nM for labeled C42A M88C 

mutant). Multiple stop-flow experiments were conducted to test the properties of MutS 

C42A/E315C and its labeled variant by Brandon Case (Wesleyan University). In the absence of 

any nucleotide, the observed disassociation rates of MutS/2-AP-T-bulge DNA complex were 

essentially the same across WT MutS (0.06s-1), C42A/E315C (0.05s-1) and C42A/E315C-AF555 

(0.04s-1). These three MutS variants all showed a burst of ATP hydrolysis in the absence of DNA 

(11.4s-1 to 11.9s-1) followed by a linear steady state phase (0.6s-1) The burst of ATP hydrolysis 

was suppressed by preincubating MutS with T-bulge DNA, where only a steady state was detect 

with the ATPase rate about 0.7-0.9s-1 for all three proteins. These data all suggest that the 

mutation of C42A/E315C and label at E315C only slightly alter MutS activity, if any. 

 

2.2.4: Dye Mobility Simulation 

 We used Crystallography & NMR System (CNS) software to simulate the position of dyes 

attached at E315C on MutS (PDB code: 1EWQ; Supplementary Figure S5). Cy3 and Cy5 dyes 

were used in the simulation due to the lack of a published structure for AF555 (Brunger, Strop 

et al. 2011; Choi, Strop et al. 2010). The simulation yielded average positions of the dye atoms, 

and the mass centers of the dye molecules were marked for distance measurements. 

Conjugation of dye to DNA was modeled based on the internal dye structure published by IDT 

(Zwaag 2017). 
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2.2.5: SmFRET Measurements and Data Analysis 

 Single molecule FRET samples were prepared in chambers made with surface passivated 

quartz slide and coverslip. The chamber in use was first rinsed by buffer A (50 mM Tris–HCl pH 

7.8, 100 mM sodium acetate, 5 mM magnesium chloride) and then filled with 30uL of mg/uL 

Streptavidin solution. After 5min of incubation, streptavidin was washed out of the chamber by 

buffer A followed by injecting about 10pM of T-bulge 550mer Cy5 DNA. DNA was incubated in 

the chamber for 5min to achieve a well-spaced DNA surface immobilization. 10nM of MutS 

C42A/M88C AF555 or MutS C42A/E315C AF555 in buffer B together with 2mM ADP or ATP, if 

present, was then injected into the chamber to initiate the interaction between MutS protein 

and T-bulge DNA. Buffer B is buffer A in addition with 2% glucose (w/v), 100 U/ml glucose 

oxidase, 1000 U/ml catalase and 0.05 mg/ml cyclooctatetraene. These additional compounds 

served as oxygen scavenging and triplet state quenching system to improve quality of the single 

molecule fluorescence signal. 

 The samples were imaged using prism type total internal reflection fluorescence 

microscopy on an Olympus IX71 inverted microscope. Donor (AF555) and acceptor (Cy5) were 

excited by 532nm and 640 nm lasers, respectively. The fluorophore emission was collected 

through a 60X 1.20 N.A. water immersion objective lens. The image is split into two optical 

channels by a DualView optical splitter with a 645nm dichroic mirror insert. The donor and 

acceptor signals then pass through optical chromatic filters (585/70nm band-pass filter for 

AF555, 655nm long-pass filter for Cy5) before detection by an emCCD camera (512*512 pixels). 

To observe changes in FRET over time, movies of 800–1000 frames at 100 ms/frame are 

collected using the following excitation sequence: i) brief excitation of the acceptor fluorophore 
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(∼1 s) to locate DNA molecules; ii) excitation of the donor fluorophore (∼2 min) to monitor 

changes in FRET; iii) brief excitation of the acceptor fluorophore (∼5 s) to reveal whether the 

acceptor has photobleached. All experiments are performed at room temperature in buffer B. 
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Figure 2.2: Experiment setup. a) Prism-type total internal reflection fluorescence microscopy 

setup for single molecule FRET measurement. Laser beam enters slide at a large angle through 

a prism. The total internal reflection happens at the interface between the quartz slide and 

solution inside the chamber. Fluorescence signal is collected through a 60x 1.2NA objective lens 

and split into two optical channels by DualView splitter. The acceptor signal is projected to the 

left side of the CCD and donor to the right. The two channels are aligned to ensure the same 

molecule can be matched precisely between the two channels. b) Flow-chamber is assembled 

with clean and passivated quartz slide and coverslip. Holes are drilled through the quartz slide 

to allow buffer exchange inside the chamber. Chambers are separated by double-sided tape 

and the edges are sealed by Epoxy.  

a b 
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2.2.6: Data Extraction 

 The movies recorded for the single molecule FRET study were processed with a custom-

built Matlab script Complexingui2. The data processing routine followed the following steps: 

peak finding; two channel mapping and intensity read-out.  

 For peak finding, Complexingui2 utilized the fact that in a single molecule fluorescence 

movie only a very small percentage of pixels are covered by fluorescence signal and majority of 

the pixels reflect background. An intensity histogram of all the pixels shows two distinct 

populations, one being the background and the other being fluorescent sample. A threshold 

that is based on background level and background standard deviation usually separates the two 

populations very well. The pixels with locally maximum intensities above this threshold are 

identified and the coordinates are saved. The image used for the peak finding is an average 

image of the first couple frames of the movie with 640nm laser on.  

 The peak finding step is usually conducted only on the acceptor channel, which in this 

study reports the location of surface immobilized DNA molecules. The pixel coordinates of the 

corresponding locations in the donor channel, , which are the same physical spot on the slide 

but optically split into two optical channels, are calculated based on a mapping function 

generated by a fluorescence image of beads that emit signals into both the acceptor and donor 

channels. This mapping function incorporates both translational shift and aberration between 

the two optical channels. 

 A 3x3 pixel window is placed around the identified molecules and the corresponding 

positions in the other channel for intensity extraction. The intensities of the top 4 pixels out of 

the 9 are summed for each frame as the readout intensity of this molecule for this frame. The 
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parameters 3x3 pixel window and top 4 pixels for intensity are optimized for the best signal-to-

noise ratio for the instrument setup. Time course intensities of both acceptor and donor for 

each molecule are stored in .trace files. 

 The signals were corrected for background and leakage between channels, and the 

apparent FRET efficiency (E) was calculated as E = IA/(ID + IA) without gamma corrections 

(McCann, Choi et al. 2010). Only those time traces exhibiting individual MutS-DNA binding-

releasing events were analyzed. Only traces with fluorescence intensities consistent with one 

protein and/or DNA molecule were analyzed. Transitions and dwell times for kinetic analysis of 

AF555-MutS-E315C:Cy5-DNA experiments were extracted from raw FRET efficiency traces by 

manual identification as described previously (Qiu, Derocco et al. 2012; Qiu, Sakato et al. 2015). 

Histograms of dwell times were fit to single exponential decays or  

k1k2(exp(−k2t) – exp(−k1t))/(k1 – k2) to account for a two-step process with two characteristic 

kinetic rates k1 and k2. 
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Figure 2.3: Data extraction from single molecule FRET experiments. Follow the streamline: 

fluorescence signal from acceptor and donor are separated into two channels; acceptors on 

DNA are located (acceptors are rejected if they are too close for single molecule detection); 

corresponding donor locations are found based on a mapping function; a 3x3 pixel widow is 

created around both acceptor and donor spots to monitor intensities; the top 4 pixels out of 

the 9 are summed for the best SNR and recorded as intensity of this spot at this frame; time-

course traces are built using both acceptor and donor signal of the same molecule.  
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2.3: Results and discussion 

2.3.1: Labeling at MutS E315 Has Minimal Effect on DNA Binding and ATPase Activities 

 Previously, Qiu used smFRET to monitor the conformational dynamics of MutS as it 

binds to a mismatch and subsequently forms a mobile clamp using a 550-bp DNA substrate with 

Cy5 located 9 bases 3′ from a T-bulge and Taq MutS labeled with AF555 at M88C in the 

mismatch binding Domain I, which moves upon mobile clamp formation (Qiu, Derocco et al. 

2012; Qiu, Sakato et al. 2015). In the current study, we performed experiments with MutS 

labeled at E315C located at the end of the lever domain, which is not expected to be a dynamic 

region of the protein based on comparisons of different crystal structures and molecular 

dynamics simulations. We tested the activity of AF555-MutS-E315C by measuring the 

binding/bending, unbending and dissociation rates for T-bulge DNA, as well as the ATPase 

kinetics, using bulk stopped-flow kinetic measurements. In the absence of any nucleotide, the 

observed disassociation rates of MutS/2-AP-T-bulge DNA complex were essentially the same 

across WT MutS (0.06s-1), C42A/E315C (0.05s-1) and C42A/E315C-AF555 (0.04s-1). The three 

MutS variants in comparison all showed a burst of ATP hydrolysis in the absence of DNA (11.4s-1 

to 11.9s-1) followed by a linear steady state phase (0.6s-1). The burst of ATP hydrolysis was 

suppressed by preincubating MutS with T-bulge DNA, where only a steady state was detect 

with the ATPase rate about 0.7-0.9s-1 for all three proteins. These data all suggest that the 

mutation of C42A/E315C and label at E315C only slightly alter MutS activity, if any. 
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3.2: MutS Binds/unbinds T-bulge Mismatch in the Presence of ADP 

 In the smFRET studies, we observe single step binding and release events (loss of donor 

and acceptor signal) of AF555-MutS-E315C to the Cy5-T-bulge DNA in the presence of ADP 

(figure 2.3e,f,g E315C column). The distribution of FRET efficiencies fits to a Gaussian centered 

at 0.21 (figue 2.3f). The observed FRET of 0.21 is consistent with the distance between dye 

positions on MutS-E315C and DNA, based on the crystal structure (figure 2.5b) and assuming a 

Förster radius of ∼50Å–60Å, which is typical for the FRET pairs used in these studies (Lakowicz 

2006). These results are analogous to those from previous experiments with AF555-MutS-M88C, 

except in that case, the FRET efficiency is 0.65 due to the difference in dye locations (Qiu, 

DeRocco et al. 2012). The distribution of dwell-times for this state fits well to a single 

exponential with a lifetime of 4.3 s (figure 2.3g). This lifetime is slightly longer than that of 

AF555-MutS-M88C (2.2 s) (figure 2.3d), perhaps due to the labeling at different positions. 
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Figure 2.4: Interaction between Taq MutS and T-bulge DNA in the presence of ADP. a) 

Schematic of experiment set up. Cy5 T-bulge DNA is immobilized on PEG passivated quartz slide 

surface through biotin-steptavidin interaction. The mismatch T-bulge is at the middle of the 

DNA and Cy5 dye is 9 bp away from it. MutS-E315C-AF555 is introduced together with 2mM 

ADP. b, e) Top row: representative traces of single MutS-DNA bind and release events in the 

presence of ADP and 10 nM AF555-MutS-E315C and previously investigated AF555-MutS-M88C. 

c, f) Histograms of the calculated FRET when AF555-MutS binds to Cy5-DNA in the presence of 

ADP. d, g) The kinetics of AF555-MutS binding in the presence of ADP. Both AF555-MutS-E315C 

and AF555-MutS-M88C show direct binding/unbinding to the DNA T-bulge mismatch. AF555-

MutS-E315C reports a FRET distribution centered on a low FRET value of 0.21. AF555-MutS-

M88C results in a single high FRET state of 0.65. The 0.65 FRET value is consistent with closer 

proximity of M88 to the mismatch (and thus Cy5 label) than E315, which is farther from the 

mismatch and thus yields a lower FRET value upon MutS binding, according to the crystal 

structure. Both AF555-MutS-E315C and AF555-MutS-M88C show similar dwell time at the 

mismatch (4.38s for E315C and 2.25 for M88C) (AF555-MutS-M88C data reproduced from Qiu, 

DeRocco et al. 2012). 
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2.3.3: MutS E315C forms mobile clamp through conformational change in the presence of ATP 

 In the presence of ATP, the majority of the T-bulge binding events with AF555-MutS-

E315C (71%) are similar to those observed in the presence of ADP, as is the case with MutS-

M88C (Qiu, DeRocco et al. 2012). This population represents MutS that has hydrolyzed ATP and 

retains ADP (Antony and Hingorani 2004). The remaining 29% of binding events with MutS-

E315C exhibit sequential conformational changes to a mobile clamp state, shown as different 

FRET states. Specifically, we observe the transitions: low FRET (0.15) → intermediate FRET (0.5) 

→ zero FRET → no fluorescence signal (Figure 2.4e). The initial FRET value of 0.15 is slightly 

lower than the value observed in the presence of ADP (0.21) and represents initial mismatch 

recognition, while FRET 0.5 represents a conformational change in the MutS-T-bulge complex 

prior to mobile clamp formation (zero FRET) and dissociation (no fluorescence). We can 

distinguish the mobile clamp from dissociation because zero FRET indicates that the donor 

[MutS] is still on the DNA, but away from the mismatch, and loss of all fluorescence indicates 

protein dissociation or donor photobleaching. In previous experiments with AF555-MutS-M88C, 

we also observed a sequential pattern of transitions, albeit with different FRET values: high 

FRET (0.65) → intermediate FRET (0.45) → zero FRET (mobile clamp) → no fluorescence signal 

(protein dissociation or photobleaching) (figure 2.4b).  
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Figure 2.5: Interaction between Taq MutS and T-bulge DNA in the presence of ATP. a) 

Schematic of experiment set up. Cy5 T-bulge DNA is immobilized on PEG passivated quartz slide 

surface through biotin-steptavidin interaction. The mismatch T-bulge is at the middle of the 

DNA and Cy5 dye is 9 bp away from it. MutS-E315C-AF555 is introduced together with 2mM 

ATP. b,e) Representative traces of MutS binding to T-bulge DNA followed by transiting into 

mobile clamp formation through steps of conformational changes in the presence of ATP. c,f)  

Histograms of the calculated FRET of the three FRET states. d,g) The dwell times of the three 

FRET states. Both AF555-MutS-M88C and AF55-MutS-E315C show three step FRET transition 

with comparable time constants. The FRET values are distinct between the two proteins, where 

AF555-MutS-M88C exhibits 0.65 → 0.45 → 0 while AF555-MutS-E315C shows 0.15 → 0.5→ 0 

(AF555-MutS-M88C data reproduced from Qiu, DeRocco et al. 2012). 
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2.3.4: Kinetics Suggest M88C and E315C Report the Same Conformational Change Process 

 Examination of the kinetics of the transitions during mobile clamp formation for MutS-

E315C shows that the dwell-time distribution of the first binding state (0.15) exhibits a clear rise 

and decay (figure 2.4g top panel), indicating two rate-limiting steps (Floyd, Harrison, et al 2010) 

between FRET 0.15 and the next FRET state (0.5), and therefore the existence of two states 

with FRET 0.15 (designated as 0.15 and 0.15*). Fitting the data with a two-step kinetic model 

yields lifetimes (τ) of 5.2 and 5.5 s. These findings parallel the results with MutS-M88C, wherein 

we also observed two kinetically distinct states in the first binding event, albeit with shorter 

apparent lifetimes (0.9 and 2.8 s). The longer lifetimes for MutS-E315C may result from the 

label at this position slightly altering the dynamics of the protein. The distributions of dwell-

times for the intermediate state (FRET 0.5) that precedes mobile clamp formation and for the 

mobile clamp state (FRET 0) both fit well to single-exponential decays with lifetimes of 1.2 and 

1.4 s, respectively (figure 2.4g middle and lower panel). These lifetimes are within error of 

those for MutS-M88C-DNA FRET (FRET 0.45: τ = 1.5 s; FRET 0: 2.2 s) and for MutS-M88C 

intraprotein FRET measurements that reported the relative movements of Domains I in the 

dimer (FRET 0.65: τ = 1.3 s; FRET 0.2 [mobile clamp]: τ = 2.4 s) (Qiu, Derocco et al. 2012). The 

observation that both M88C and E315C exhibit a specific sequence of three states (resolved by 

FRET and kinetics) with comparable lifetimes prior to mobile clamp formation strongly suggests 

that these experiments are reporting on different conformational properties of each of the 

three states. 
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2.3.5: FRET Transitions of E315C Reflects DNA Conformational Change 

 It is well-know that Domains I on Taq MutS are mobile and dynamic. A crystal structure 

by Obmolova (PDB 1EWR) shows that in the presence of heteroduplex DNA, the entire Taq 

MutS-DNA complex is able to crystalize and be solved; however, when the heteroduplex DNA is 

missing, Domain I and Domain IV cannot be solved by crystallography due to their high 

flexibility and mobility. In the DNA containing structures, it is notable that Domain I and Domain 

IV are directly interacting with the heteroduplex DNA. With Taq MutS labeled at M88C sites 

(within Domain I) by both donor and acceptor on each monomer, Qiu reports that Taq MutS 

Domain I surveys a large space of conformations using single-molecule FRET technique (Qiu, 

Derocco et al. 2012). The consensus in the field is that Domain I (and to some degree Domain IV) 

on Taq MutS are intrinsically dynamic and are stabilized upon interaction with heteroduplex 

DNA. Based on these facts, it is safe to say that for MutS-M88C, the transition from FRET 0.65 to 

FRET 0.45 results from a large conformational change in Domains I of the MutS homodimer. 

  On the other hand, multiple crystallography studies suggest that the ‘lever arm’ Domain 

III, where the E315C labeling site resides, is not expected to be very mobile (Obmolova, Ban et 

al. 2000; Lamers, Perrakis et al. 2000), which suggests that the large change in FRET values 

between dyes on MutS-E315C and DNA arises from the dynamics of the DNA in the complex. If 

so, the structural interpretation would be that the DNA straightens out and perhaps rotates 

relative its position in the crystal structure such that the label near the T-bulge moves toward 

the upper channel of MutS. This interpretation is consistent with conclusions from bulk FRET 

studies on E. coli MutS, which suggest that DNA moves toward the upper channel upon mobile 

clamp formation (Groothuizen, Winkler et al. 2015). 
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Figure 2.6: A close look at Taq MutS structure. a) (Left) Comparison of Taq MutS with DNA (PDB 

ID: 1EWQ) and without DNA (PDB ID: 1EWR). An overlay of Taq MutS crystal structures with 

DNA (blue) and without DNA (green) shows that residue E315 maintains its position and the 

surrounding portion of the lever Domain III is structurally stable, supporting the idea that a 

conformational change in DNA is responsible for the change in FRET (0.15 to 0.5) observed in 

AF555-MutS-E315C:Cy5-DNA experiments . Note that in the structure without DNA, Domains I 

and IV are too mobile to be resolved, indicating that unlike E315, residue M88 in Domain I 

utilized in previous studies (Qiu, Derocco et al. 2012; Qiu, Sakato et al. 2015) changes position 

upon MutS binding to DNA. (RIGHT) Comparison of Taq MutS-DNA without nucleotides (PDB 

ID:1EWQ, red) and with ADP-beryllium trifluoride (PDB ID:1NNE, green). An overlay of 

nucleotide-free/bound MutS structures also shows that residue E315 is in a relatively non-

mobile part of the MutS protein.  

b) Molecular dynamics were used to determine the average position of Alexa Fluor 555 dye 

molecules (modeled as Cy3) at E315C sites on the Taq MutS homodimer (PDB ID:1EWQ). The 

labeled distances are in Angstroms (Å). The distance between the two dyes is about 110 Å, 

which precludes intra-protein FRET as was observed with M88C (3). The distance between each 

donor dye at E315C and acceptor Cy5 on DNA (cyan) was also measured. Bent DNA (about 60°), 

as shown in the crystal structure, yields two possible distances between donor and acceptor of 

77 Å and 90 Å. The average distance between AF555-E315C (on MutS) and Cy5 (on DNA) is 

about 80 Å. Straightening (‘unbending’) the DNA results in a donor-acceptor average distance of 

about 70 Å, consistent with the observed transition to the intermediate FRET value (0.15 to 0.5).  
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2.3.6: Coordinated DNA and Protein Conformational Change in MutS/DNA Complex 

 Coupled with smFRET experiments revealing DNA bending induced by Taq MutS 

(LeBlanc, Gauer et al. 2018), a clear picture of the early state in the mismatch repair pathway 

emerges. The ordered sequence of events in the MutS–mismatch complex leading to the 

mobile clamp formation and MutL recruitment suggests a push-me/push-back model for the 

energetics of MutS–DNA interactions. In this model, MutS bends DNA at a mismatch upon 

initial recognition; ADP-ATP exchange in MutS results in MutS pushing further on the DNA to 

increase bending (bent state 2; B2); the increased stress in DNA is released by DNA unbending 

(bent state 3; B3) and pushing back on the protein to partially open Domains I, perhaps aided 

by changes in nucleotide occupancy, which in turn drives conformational transitions in MutS 

toward formation of a mobile clamp. The energy from DNA unbending in the B2 to B3 transition 

may be sufficient to drive the release of MutS Domains I from the mismatch, providing a 

plausible explanation for the observation that mobile clamp formation can occur in the 

presence of non-hydrolyzable ATP analogs (Gradia, Subramanian et al. 1999; Jeong, Cho et al. 

2011; Qiu, Derocco et al. 2012). This push-me/push-back model intimates that local DNA 

flexibility plays a central role in mismatch verification and impacts whether a given DNA site 

bound by MutS will go on to be repaired (Mazurek, Johnson et al. 2009), and it provides a 

structural framework for understanding differences in repair efficiencies based on the type of 

mismatch or its sequence context (Fazakerley, Quignard et al. 1986; Jones, Wagner et al. 1987; 

Hawk, Stefanovic et al. 2005; Lujan, Williams et al. 2012; Lujan, Clark et al. 2015). If the DNA is 

too stiff for MutS to induce bending, then MutS will not be able to recognize the mismatch. 

Alternatively, if the DNA is statically bent and cannot undergo the unbending transition to Bent 
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State 3, MutS cannot recruit MutL to complete repair. In summary, our experiments correlating 

conformational changes in the protein and DNA reveal key structural transitions and driving 

forces that lead to the initiation of DNA MMR. Applying this correlational approach in future 

investigations should yield deeper insights into why repair-deficient mismatches and MutS 

mutants disrupt initiation of MMR. 
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CHAPTER 3 

MutS Mobile Clamps Repetitively Rebind a Mismatch, Localizing Repair Complexes Nearby 

3.1: Introduction 

 The DNA mismatch repair (MMR) system corrects DNA synthesis errors that occur 

during replication and is involved in several other DNA transactions (Modrich 2016; Kunkel and 

Erie 2015). In humans, mutations in the MMR genes cause Lynch syndrome and are associated 

with several sporadic cancers (Martín-López and Fishel 2013; Hsieh and Yamane 2008). MMR is 

initiated by conserved MutS and MutL homologs. It is well established that MutS recognizes a 

mismatch and subsequently forms a stable, hydrolysis-independent mobile clamp on the DNA 

(Kunkel and Erie 2015; Gradia et al 1999); however, how MutS and MutL coordinate the 

downstream events that signal repair remains unresolved. A recent study using E. coli proteins 

suggests that an ATP-bound, freely diffusing MutS mobile clamp can recruit MutL to form a 

mobile MutS-MutL clamp. This MutS-MutL clamp can interact with MutH endonuclease to form 

a scanning complex that promotes nicking at hemi-methylated GATC sites, which mark the 

daughter strand. Eukaryotes and most prokaryotes, however, do not harbor a MutH homolog, 

raising the question of the relevance of E. coli as a model system for MMR. In MutH-

independent repair, the mobile replication processivity clamp (PCNA/-clamp) provides the 

strand discrimination signal by activating MutL to nick the daughter strand near the mismatch 

(Kunkel and Erie 2015; Kadyrov, Dzantiev et al. 2006; Pluciennik, Dzantiev et al. 2010).  

In previous work (Qiu, Derocco et al. 2012; Qiu, Sakato et al. 2015), we used a 550 basepair, 

surface-tethered DNA substrates containing a centrally located T-bulge mismatch with an 

acceptor fluorophore 9 bases away (Figure 3.1 b, e). When MutS labeled with a donor in DNA 
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binding domain I (M88C) is present in solution, a sequence of distinct FRET efficiency levels 

(0.70.50no fluorescence) is observed from the DNA molecules (Figure 3.1 b, e). These 

FRET efficiencies represent MutS mismatch binding (0.7) followed by a conformational change 

at or near the mismatch (0.5), mobile clamp formation (0), and finally MutS dissociation from 

the free DNA end (no fluorescence). With MutS and ATP in solution, this sequence is repeatedly 

observed on DNA substrates with an unblocked free end. smFRET study also demonstrates that 

MutL traps MutS at a DNA mismatch after recognition but before its conversion to a sliding 

clamp. Rather than a clamp, a conformationally dynamic protein assembly typically containing 

more MutL than MutS is formed at the mismatch. 

However, this previous work yields no insight into the properties of the post-mismatch 

identification MutS mobile state. The function of the MutS mobile clamp state in MMR remains 

undetermined. To explore the properties of the MutS mobile state and its interaction with MutL, 

we modified the assay by blocking the free DNA end to prevent MutS from sliding off the DNA. 

Different nucleotide conditions as well as Taq MutL are included in the buffer introduced to the 

chamber after mobile clamps are formed (Figure 3.1 f). 
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Figure 3.1: Previous FRET study of Taq MutS.  a) X-ray crystal structure of MutS (PDB ID 1EWQ) 

(Obmolova, Ban et al. 2000). Domains are indicated by roman numeral and labeling sites M88 

and E315 are highlighted. (b) Schematic of steady-state experiments with unblocked T-bulge 

DNA, 2 mM ATP and 10 nM MutS in solution. Example FRET time trace between a donor at 

M88C on MutS and an acceptor on the DNA reports MutS binds a mismatch (FRET 0.7), 

transitions to an intermediate state at the mismatch (FRET 0.5), convert to a mobile clamp that 

slides away from the mismatch (FRET 0) and finally falls off the blocked end (loss of donor). c) 

FRET histograms and dwelltime distributions for unblocked experiments. d) A previous study by 

Qiu et al. shows that MutL traps MutS at the mismatch site. e) Without MutL, MutS forms 

mobile clamp and slides off (reproduced from Qiu, Sakato et al. 2015). f) With MutL, a 

MutL/MutS complex is trapped at the mismatch, and the donor on MutS and acceptor on DNA 

report two alternating FRET states (0.3 <-> 0.6), reflecting the dynamic movement of MutS 

domain I (reproduced from Qiu, Sakato et al. 2015). 
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3.2: Materials and methods 

3.2.1: Surface modification 

 The surface passivation with mPEG and bio-PEG follows the protocol described in 

chapter 2. For the PC Dig DNA photocleavage control experiment, cleaned bare quartz slide and 

glass coverslip are used to construct the flow chamber. 

 

3.2.2: DNA substrates  

 The construction of mismatched DNA substrates has been described in detail elsewhere 

(Qiu, Derocco et al 2012). Briefly, a biotin modified primer and a digoxigenin modified primer 

were used for PCR from a plasmid to generate a 550 basepair, linear, double-stranded DNA 

with modified ends. A segment of single stranded DNA was removed from the middle of the 

550 base double strand DNA using a nicking enzyme, heating to 70 C, and then purifying with 

PCR cleanup kit while still warm. A single stranded oligo insert that matches the gapped region 

with the exception of an inserted T (T-bulge) mismatch and Cy5 fluorophore, was then 

annealed to cover the cut-out region. The nicks were then sealed by repeated ligation reactions. 

For the photocleavable DNA, the digoxigenin primer was replaced by primer with a 5’-dig 

modification followed by an internal photocleavable group before the desired DNA sequence 

(5’-/5DigN/iSpPC/ GAG TCA GTG AGC GAG GAA GC-3’), purchased from Integrated DNA 

Technologies.  
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3.2.3: MutS and MutL Protein 

 The expression and purification of Thermus Aquaticus (Taq) MutS proteins were 

described previously (Qiu, Derocco,et al. 2012; Qiu, Sakato et al. 2015). Two mutant version of 

this protein were used in this study: Taq MutS C42A M88C and Taq MutS C42A E315C. In brief, 

the MutS mutants were expressed in BL21 (DE3) E coli and purified by the following sequence 

of steps: heating clarified cell lysate to 65 C for 30 minutes, centrifugation (keeping the 

supernatant), ammonium sulfate precipitation, centrifugation (keeping the pellet), 

resuspension of the pellet, and finally Q-Sepharose chromatography. MutS containing cysteine 

mutations (M88C and E315C) were then labeled with Alexa Flour 555-maleimide with labeling 

efficiency ranging from 60% to 100% (59% for experiments done after 08/16/2017 , including 

ATP -> ATPS condition and all the photocleaving experiments). Free dye was removed by 

gravity gel-filtration with Superdex G50. We have previously verified the mismatch binding 

affinity and ATPase activity of these MutS mutants is similar to wild type Taq Mut (Qiu, Sakato 

et al. 2015; Leblanc, Gauer et al. 2018).  

 Thermus aquaticus (Taq) MutL (pET11a) was expressed in BL21(DE3) E. coli. This 

expression construct does not add a 6-His tag. MutL was purified by ammonium sulfate 

precipitation of clarified cell lysate, followed by heparin (HiTrap) chromatography of the 

resuspended pellet. 

 

3.2.4: smFRET assay using end-blocked DNA 

 The 550 base biotin/dig T-bulge DNA was added to a passivated flow chamber whose 

surface was treated with streptavidin to achieve well-spaced immobilized DNA molecules. Anti-
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digoxigenin antibody (Roche Diagnostics GmbH, 11333089001) was then added to the chamber 

at 20 mg/ml for 15 minutes to block the free end of the immobilized DNA. Attaching an anti- 

digoxigenin antibody to a digoxigenin modification at the free end of the DNA (opposite end to 

the biotin used for surface tethering) efficiently traps the MutS mobile clamp state for over ten 

minutes. To minimize the number of DNA molecules with multiple MutS mobile clamps, the 

experimental protocol (Figure 3.2) was optimized to first bind MutS to the mismatch in buffer 

without ATP, which restricts MutS to remain at the mismatch and suppresses multiple MutS 

loadings. Specifically, 10nM of AF555 Taq MutS (without any added nucleotide) was then 

injected into the chamber to bind the T-bulge. After 15min, we washed the chamber with 

buffer containing 2 mM ATP to serve two purposes: i) remove the unbound MutS molecules 

from solution to prevent additional DNA loading and ii) activate conformational changes of the 

mismatch-bound MutS to convert them into mobile clamps. This protocol results in most DNAs 

having a single MutS mobile clamp. ATP efficiently converted mismatch-bound MutS to mobile 

clamps as non-zero FRET confirmed 80% of DNA-colocalized MutS were at the mismatch before 

ATP exposure whereas 5% remained mismatch bound after ATP exposure (figure 3.5 b). 

 After establishing these MutS mobile clamps, the buffer was exchanged to include 

various nucleotide additives as indicated in the text and figures (2 mM ATP, 2 mM ADP, 2 mM 

ATP-γ-S, or 0.1 mM ADP + 0.1 mM ATP-γ-S). In experiments using MutL, solutions contained 2 

mM ATP + 200 nM MutL. Buffer used for any of the above steps were 20mM Tris (pH 7.8), 

100mM NaOAC and 5mM MgCl2. Final imaging for all experiments used this buffer augmented 

cyclooctatetraene (COT) for triplet state quenching (imaging buffer). 
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 The observation equipment setup and data analysis were described previously (Qiu, 

Derocco,et al. 2012; Qiu, Sakato et al. 2015; Leblanc, Gayer et al. 2018). Single molecule 

fluorescence/FRET traces with donor lifetime shorter than 100s or donor number over 2 were 

rejected from the analysis. Traces with at least one zero-nonzero-zero FRET transition were 

categorized as FRET switching molecules. Traces with constant zero FRET were categorized as 

FRET Zero molecules while traces with constant steady nonzero FRET were seen as FRET 

nonzero. 
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Figure 3.2: Protocol to minimize the number of DNA molecules with multiple MutS mobile 

clamps. The 550 base biotin/dig T-bulge DNA was added to a passivated flow chamber whose 

surface was treated with streptavidin to achieve well-spaced immobilized DNA molecules. MutS 

is then injected and binds to the mismatch in buffer without ATP, which restricts MutS to 

remain at the mismatch and suppresses multiple MutS loadings. After 15min, the chamber is 

washed with buffer containing 2 mM ATP to serve two purposes: i) remove the unbound MutS 

molecules from solution to prevent additional DNA loading and ii) activate conformational 

changes of the mismatch-bound MutS to convert them into mobile clamps. This protocol results 

in most DNAs having no MutS or a single MutS mobile clamp. 
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3.2.5: DNA end block release assay 

 For experiments using photocleavage to release the DNA endblock, 550 base T-bulge, 

Cy-5 DNA containing biotin on one end and the photocleavable dig (PC-dig) on the other were 

immobilized on the surface of PEG-passivated, streptavidin-coated chambers and blocked with 

anti-dig as described above.  To remove the anti-dig end block, we exposed chambers to 365 

nm light (Doctor UV DRUV365HP, 7 Watt, at 1 cm distance, 36 W/cm2) for a total of 90 seconds 

smoothly moving the 5 mm diameter illumination spot around in the 5 mm x 20 mm chamber.  

 To measure the efficiency of the photocleavage reaction (figure 3.6), we immobilized 

cy5-labeled, dig-terminated DNA on anti-dig molecules adsorbed to a bare quartz surface 

(figure 3.6 a). We compared DNA made with photocleavable dig to DNA made with non-

photocleavable dig (omitting the internal photocleavable spacer).  Breaking of the 

photocleavable bond will release the DNA from the surface, which will result in the 

disappearance of fluorescent spot under 640nm laser excitation. Specifically, we added 2 

mg/ml anti-dig for 5 minutes to a chamber with unpassivated quartz surface. Next we added 

550 base, Cy5, T-bulge, biotin and dig (either photocleavable or non-photocleable) at low 

concentration (~10 pM) for 5 minutes to achieve well-spaced immobilized molecules. We 

exposed the chamber to the UV source for variable times. At each time point, we counted the 

number of DNA molecules per 68 micron x 137 micron field of view for 15 different locations in 

the chamber. From this experiment we conclude that 90 sec UV exposure for the 

photocleavable DNA removed >88% of DNA anti-dig blocks while there was negligible effect on 

the non-photocleavable DNA. In addition, note that the non-photocleavable Cy5 DNA 

experiment confirms that the 90 sec UV light exposure does not photobleach the acceptor. To 
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examine possible UV exposure impacts on the donor, we prepared Alexa555-MutS bound at the 

mismatch with no added nucleotide on Cy5 T-bulge DNA in a PEG passivated chamber, exposed 

the chamber to variable times to the UV light, and measured the MutS occupancy on the DNA 

(figure 3.6 b). DNA is identified by Cy5 emission under red laser excitation and MutS bound at 

the mismatch were identified by emission of donor and acceptor with FRET efficiency > 0.5 

during green laser excitation. The near constant MutS occupancy fraction on the DNA for up to 

90 sec UV exposure indicates the UV light is not accelerating Alexa555 photobleaching . 

 For experiments in figure 3.7 c, d & e, AF555-MutS is injected to chambers prepared 

with photocleavable, blocked T-bulge DNA without added nucleotide for 15 minutes and 

washed away by ATP buffer to establish single MutS mobile clamp on the blocked DNA. Next, 

imaging buffer containing 2mM ATP or 2mM ATP + 200nM MutL was injected into the chamber. 

Two chambers were identically prepared with mobile clamps, and the DNA end blocks in one 

chamber were removed by UV light.  The other chamber (the blocked sample) is allowed to 

wait 90 sec before measuring MutS occupancy to match the waiting time in the UV exposed 

unblocking experiment. In addition, all buffer wash volumes and incubation times were kept 

uniform across the 4 conditions in figure 3.7 d & e to minimize any effect from spontaneous 

MutS dissociation given the lifetime of MutS mobile clamp on blocked DNA is around 10 

minutes. Occupancy was calculated as the number of MutS-docked DNA over the number of 

DNA. Experiments were repeated 3 times with sets of independently prepared chambers. 
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3.3: Results and discussion 

3.3.1: MutS mobile clamp repeatedly binds to DNA mismatch 

 Taq MutS is known to load and remain bound at the mismatch site without any 

nucleotide present. Indeed, incubating AF555-MutS-M88C with Cy5 T-bulge DNA anchored on 

the surface results in a dominant static high FRET population, which represents MutS remaining 

bound at the mismatch. Among 199 surface anchored DNA measured in one experiment under 

these conditions, 84% reported static high FRET (figure 3.5 b). The high uniformity of the 

fluorescence intensities of the fluorophores and the fact that only a maximal two step 

bleaching is observed in one trace confirms that only one MutS molecule is able to load onto 

the DNA, despite the numerous MutS molecules in the solution. Note that MutS exists as a 

homodimer with one labeling site on each subunit, allowing each MutS molecule to be labeled 

by two fluorophores at maximum.  

 With one MutS bound at the mismatch site, washing the chamber with 2mM ATP 

containing buffer dramatically changes the collective behavior of the MutS-DNA complexes. The 

flow of buffer removes unbound MutS in the solution, thus allowing us to examine the behavior 

of a individual DNA-bound MutS proteins. This step also removes some of the mismatch-bound 

MutS, resulting in about 10% of all DNA molecules having a MutS bound. From this point on, we 

only focus on MutS/DNA complexes. Upon the addition of ATP, the high FRET subgroup, which 

representing mismatch-bound MutS, is dramatically reduced to 5% of MutS on DNA among the 

182 monitored surface anchored DNA. The majority of the MutS colocalized on the DNA shifts 

into a mobile clamp state triggered by ATP, which is a FRET zero state (figure 3.5 b). The zero 

FRET value shows that donor on MutS is far away from the acceptor on the DNA, while the 
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existence of donor fluorescence signal indicates that MutS is still bound to DNA. Blocking the 

free end of the DNA significantly increase the lifetime of MutS mobile clamp on DNA to the 

extent that photobleaching of donor becomes the limiting factor (the scale of minute). This is 

compared to MutS on unblocked DNA where it diffuses off the free end within 2s (figure 3.1 c).  

 Surprisingly, only a small population (26% out of the 182 MutS/DNA complexes) of ATP-

activated MutS molecules exhibit a constant zero FRET value. 69% MutS molecules alternate 

between FRET 0 and FRET 0.5 without disassociation (figure 3.5 b). FRET 0 indicates that MutS is 

on the DNA but away from the mismatch (acceptor) and FRET 0.5 indicates that MutS is bound 

at or near the mismatch. This alternation between two distinct FRET states is direct evidence 

that MutS performs a dynamic sliding/mismatch-binding switching of states. FRET value 

histograms are well fit by a single Gaussian of 0.5 and 0 for the FRET 0.5 state and FRET 0 state, 

respectively.  Dwell time analysis reveals a lifetime of 0.8s for the FRET 0.5 state and 3.9s for 

the FRET 0 state, both fit well to a single exponential decay function (figure 3.3 c).  

 The results described above are all acquired with AF555-MutS-M88C. To confirm the 

specific label does not impact the results, we performed experiments using MutS labeled in the 

connector domain III (E315C) and observed almost identical rebinding kinetics. The rebinding 

state reports FRET value of 0.5 and lifetime of 1.3s. The mobile clamp state shows FRET value of 

0, as expected, and lifetime of 4.7s (figure 3.4 c). Note that in chapter 2, AF555-MutS-E315C is 

determined to display a sequential FRET changes when interacting with unblocked DNA in the 

presence of ATP. The kinetics of the intermediate state, which has FRET 0.5 and lifetime 1.2s 

(figure 2.6 b), are comparable to what is observed for the AF555-MutS-E315C rebinding state 

on end blocked DNA.  
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 The FRET values and dwell times of the revisiting events of both MutS-M88C and MutS-

E315C are consistent with the previously determined properties of the intermediate state on 

the path to initial MutS mobile clamp formation on unblocked DNA substrate (figure 3.3 c vs 

figure 3.1 c, figure 3.4 c vs figure 2.6 b) (Qiu, Derocco,et al. 2012; Qiu, Sakato et al. 2015). These 

similarities suggest that MutS adopts the same conformation during revisiting events as the 

intermediate state in the initial mobile clamp formation. The dwell time of the mobile clamp 

state between by mismatch revisiting events is 4s on our end blocked substrate. The reported 

diffusivity of MutS mobile clamps indicates that MutS is expected to pass the mismatch at least 

once before rebinding (Qiu, Derocco et al. 2012; Cho, Jeong et al. 2012). This suggestion is 

consistent with previous studies that observed MutS mobile clamps bypassing the mismatch 

(Liu, Hanne et al. 2016; Jeong, Cho et al. 2011; Gorman, Wang et al. 2012). 
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Figure 3.3: Single molecule FRET experiments with AF555-MutS-M88C. a) Example FRET time 

trace between a donor at M88C on MutS and an acceptor on unblocked DNA (upper panel) 

reports MutS binds a mismatch (FRET 0.7), transitions to an intermediate state at the mismatch 

(FRET 0.5), convert to a mobile clamp that slides away from the mismatch (FRET 0) and finally 

falls off the blocked end (loss of donor). Blocking the free end of the DNA (lower panel) traps 

MutS mobile clamps on the DNA, leading to repeated events where MutS revisits the mismatch 

and generates burst of non-zero FRET. b) Details of an example of a revisiting event with mobile 

clamp state and MutS rebinding events indicated. c) Histograms of FRET values for many events 

show peaks at 0.5 and 0 (upper panel). The dwell times of the revisit and the time between 

revisits fit with a single exponential yield revisit dwell time 0.8 s and with times between revisits 

3.9 s (lower panel).  
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Figure 3.4: Single molecule FRET experiments with AF555-MutS-E315C. a) Example FRET time 

trace between a donor at E315C on MutS and an acceptor on unblocked DNA (upper panel) 

reports MutS binds a mismatch (FRET 0.15), transitions to an intermediate state at the 

mismatch (FRET 0.5), convert to a mobile clamp that slides away from the mismatch (FRET 0) 

and finally falls off the blocked end (loss of donor). Blocking the free end of the DNA (lower 

panel) traps MutS mobile clamps on the DNA, leading to repeated events where MutS revisits 

the mismatch and generates burst of non-zero FRET. b) Details of an example of a revisiting 

event with mobile clamp state and MutS rebinding events indicated. c) Histograms of FRET 

values for many events show peaks at 0.5 and 0 (upper panel). The dwell times of the revisit 

and the time between revisits fit with a single exponential yield revisit dwell time 1.3 s and with 

times between revisits 4.7 s (lower panel). AF555-MutS-E315C interacts with T-bulge DNA in a 

similar manner as M88C with comparable kinetics. 
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3.3.2: Solution nucleotides impact MutS revisiting a T-bulge mismatch on blocked DNA  

 So far on the end blocked substrate, three subsets of traces are observed upon injection 

of 2mM ATP. The first type shows static zero FRET before donor bleaches, which we call FRET 

zero subset; the second type shows a distinct feature of alternating 0 and non-zero FRET, which 

we call FRET switching or mismatch revisiting; the third type, which we call FRET non-zero 

stable or mismatch-bound, shows static non-zero FRET trace (figure 3.5 a).  

 Nearly all current models of MutS MMR signaling posit that mismatch and ATP activated 

MutS remains as a hydrolysis-independent mobile clamp that does not rebind the mismatch 

and only hydrolyzes or exchanges nucleotides after DNA dissociation, essentially a single 

unchanging mobile clamp state (Gradia, Subramanian et al. 1999; Liu, Hanne et al 2016; Jeong, 

Cho et al. 2011; Hingorani 2016). In contrast, our observations that MutS mobile clamps appear 

to be able to both bypass and rebind a mismatch suggests that MutS mobile clamps may exist in 

more than one state.  We speculated that nucleotide exchange may control the ability the 

diffusing MutS mobile clamp to revisit the mismatch.  Accordingly, we examined the effect of 

different nucleotides on the properties of preformed MutS mobile clamps (Figure 3.5 c). 

Baseline is established by exchanging the MutS mobile clamps from ATP-containing buffer to 

the same ATP-containing buffer. 69% of ATP activated mobile clamps are found to revisit the 

mismatch in the presence of ATP.  When instead the chamber is exchanged to ADP-containing 

buffer (Figure 2b), a dramatic reduction in the fraction MutS that revisit the mismatch is 

observed:  24% remains as FRET switching/mismatch revisiting and 70% show FRET zero/mobile 

clamps. Similarly, in buffers containing slowly-hydrolyzable ATP--S  or a mixture of ATP--S 

+ADP (Figure 2c, 2d), most MutS remain FRET zero/mobile clamps and do not revisit the 
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mismatch. The small revisiting fraction in these non-ATP conditions may be the result of 

residual ATP following buffer exchange. The observation that ATP, but not ATP--S or ATP--

S+ADP, promotes mismatch rebinding indicates that nucleotide exchange and ATP hydrolysis is 

required for mismatch rebinding by MutS mobile clamps.  

The requirement for ATP hydrolysis for MutS mobile clamps to rebind the mismatch is expected 

based on energetics because ATP hydrolysis is not required to go from mismatch recognition to 

mobile clamp formation (Monti, Cohen et al. 2011). Based on the kinetics of mobile clamp 

formation (Qiu, Derocco et al. 2012; Qiu, Sakato et al. 2015; Leblanc, Gauer et al. 2018) and 

rebinding in the presence and absence of hydrolysable ATP, we can generate an energy 

landscape of the entire process using Eyring theory (Figure 3.8 a). The energy landscape 

illustrates that the mobile clamp is significantly more stable than the intermediate state in the 

absence of hydrolysis (lifetime ~600 s) (Jeong, Cho 2011).  ATP binding and hydrolysis raises the 

mobile clamp state relative to the intermediate state, allowing mismatch rebinding to occur. 

The suggestion of nucleotide exchange by MutS mobile clamps is in conflict with the current 

leading models, but is consistent with the observation that the lifetime of the mobile clamp on 

blocked DNA depends on ATP concentration (supplementary Figure 7 in Jeong, Cho 2011).  It is 

also consistent with the observation that MutS can promote the formation of DNA loops only in 

conditions permitting ATP hydrolysis (Allen, 1997; Blacwell, Wang et al. 2001).  
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Figure 3.5: Impact of solution nucleotides on MutS revisiting a T-bulge mismatch on blocked 

DNA.  a) Loaded MutS on end-blocked DNA shows three types of behaviors. Traces with at least 

one sequence of transitions of zero-nonzero-zero were categorized as FRET switching molecules. 

Traces with constant zero FRET were categorized as FRET Zero molecules while traces with 

constant nonzero FRET were categorized as FRET nonzero. b) The exposure to ATP activates 

mismatch bound MutS to convert into mobile clamp, shown as a great reduction on the 

population of mismatch-bound/high FRET when MutS slides away from the mismatch. c) 

Grouping events into the 3 types of populations  as a function of nucleotide contained in the 

buffer exchanged into the channel reveal that exchange to ATP containing buffer yields more 

switching than ADP, ATP--S, or a mix of ADP+ATP--S.
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3.3.3: MutL stops MutS mobile clamp at or away from the mismatch 

 After activation of MutS by ATP and a mismatch, MutL recruitment is the next step of 

the repair cascade. Similar to the procedure described above, single MutS mobile clamps are 

formed first on each end blocked T-bulge DNA. We examined the impact of MutL on MutS 

mobile clamps by including MutL in the ATP-containing buffer that we flowed onto preexisting 

MutS mobile clamps. Addition of MutL reduces the fraction of mobile clamps that revisit the 

mismatch to 7% compared to 69% without MutL (figure 3.7 a).  This MutL-induced increase in 

population of MutS with FRET 0 could arise either from MutL locking MutS into a mobile clamp 

state that cannot revisit the mismatch or from MutL trapping MutS away from the mismatch 

(figure 3.7 b). To differentiate between these possibilities, we (i) loaded single MutS mobile 

clamps onto DNA substrates with a reversible, photocleavable end-block (methods), (ii) 

exchanged to buffer containing ATP or ATP+MutL, (iii) removed the end-block by 

photocleavage , and (iv) counted the fraction of DNA colocalized with MutS. 

 To measure the efficiency of the photocleavage reaction, we immobilized Cy5-labeled, 

dig-terminated DNA on anti-dig molecules adsorbed to a bare quartz surface. We compared 

DNA made with photocleavable dig to DNA made with non-photocleavable dig (omitting the 

internal photocleavable spacer).  Breaking of the photocleavable bond will release the DNA 

from the surface, which will result in the disappearance of fluorescent spot under 640nm laser 

excitation. The chamber is exposed to the UV source for variable durations. At each time point, 

the number of DNA molecules per 68 micron x 137 micron field of view is counted for 15 

different locations in the chamber. As shown in figure 3.6 a, at t = 0s, the median of the 

numbers of DNA per field of view is ~450. 20s of UV exposure drops it to ~250 and at 80s and 
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100s the number reaches its low plateau.  UV exposure has no effect on non-photocleavable 

DNA. In addition, note that the non-photocleavable Cy5 DNA experiment confirms that the 90 

sec UV light exposure does not photobleach the acceptor.  This experiment concludes that 90 

sec UV exposure for the photocleavable DNA removed >88% of DNA anti-dig blocks while there 

was negligible effect on the non-photocleavable DNA nor the acceptor itself. To examine 

possible UV exposure impacts on the donor, we prepared Alexa555-MutS bound at the 

mismatch with no added nucleotide on Cy5 T-bulge DNA in a PEG passivated chamber, exposed 

the chamber to variable times to the UV light, and measured the MutS occupancy on the DNA. 

DNA molecules are identified by Cy5 emission under red laser excitation and MutS bound at the 

mismatch were identified by emission of donor and acceptor with FRET efficiency > 0.5 during 

green laser excitation. The near constant MutS occupancy fraction on the DNA for up to 90 sec 

UV exposure indicates the UV light is not accelerating Alexa555 photobleaching (figure 3.6 b). 

 With control experiments proving that UV exposure cleaves the DNA end block 

effectively and poses minimal effect on photo-physical properties of the dyes used in this study, 

the question of whether MutS mobile clamp could slide off the blocked DNA after the block is 

removed was next tested. MutS sliding off DNA results in a reduced percentage of DNA bound 

by MutS. Experimentally one will observe less donor signal colocalized with acceptor after the 

end block is released if MutS is sliding. The effect of block-releasing (as well as addition of MutL) 

is thus examined by monitoring the percentage of DNA bound by MutS, or the number of traces 

with apparent donor signal.  

 Single MutS mobile clamps on end blocked T-bulge DNA are established as described 

before. With no MutL present, the block on DNA trapping MutS mobile clamp leads to 31% of 
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the DNA bound by MutS. Removing the end block by UV exposure reduces the occupancy down 

to 12%. The difference is statistically different by two sample unpaired T test (figure 3.7 d left 

pair). Moreover, a subgroup analysis that distinguishes the three types of MutS behavior (FRET 

zero, FRET switching and FRET non-zero stable) reveals a dramatic drop on the population of 

FRET switching traces from 46% with end blocked to 6% with end block released (using MutS-

docked DNA as ensemble) (figure 3.7 e left pair). The disappearance of the FRET switching/ 

mismatch revisiting population of MutS mobile clamp is likely due to MutS sliding off the DNA 

free end once the block is removed. This result shows monitoring the ability of MutS sliding off 

DNA after end block release is a sufficient method to detect the mobility of MutS mobile clamp.   

 In the presence of MutL, however, 29% of the DNA is bound by MutS with the end block 

and 28% of the DNA is bound by MutS with the block removed (figure 3.7 d right pair). The 

subgroup analysis also shows no difference between the two conditions (figure 3.7 e right pair). 

These results indicate that MutL traps MutS into a non-mobile state on the DNA at a location 

away from the mismatch, because if it were mobile, it would be expected to slide off the free 

end of the DNA produced by photocleavage within 2 seconds (Qiu, Deroco et al. 2012). We 

reached identical conclusions from the photocleavable experiments using a different 

photocleavage strategy and a point cysteine mutant of MutL (data not shown). 

 Although this conclusion contrasts with some reports of MutS/MutL mobile clamps (Liu, 

Hanne et al. 2016; Gorman, Wang et al. 2012), it is consistent with several reports of MutL 

slowing MutS release from DNA (Schofield, Nayak et al. 2001; Mendillo, Mazur et al. 2005; 

Groothuizen, Winkler et al. 2015) and the observation that rate of release of yeast MutS-
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MutL complexes formed on mismatched DNA is independent of blocking of the DNA ends 

(Mendillo, Mazur et al. 2015). 
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Figure 3.6: Control experiments related to photocleavable unblocking of DNA substrates. a) T-

bulge, Cy5 DNA substrates including dig on one end and biotin on the other are immobilized by 

the dig group to anti-dig adsorbed on a bare quartz slide. Sample is illuminated with red laser to 

excite fluorescence from the Cy5 to count the number of DNA per 68x137 micron area of view 

of the TIRF microscope before and after increasing durations of UV exposure. Cleaving of the 

dig group will break the link to the surface to allow the DNA to diffuse away from the surface, 

thus no longer being visible under TIRF microscopy. b) Using photocleavable dig (left graph) led 

to loss of DNA on the surface after 20 seconds that saturated at about 80% loss after less than 

90 seconds. A control using regular dig (not including photocleavable linker) did not show 

similar loss after 100 sec UV exposure (right graph).  The individual dots represent a number 

from one field of view.  Many fields of view were sampled on multiple slides and the statistics 

of those populations are summarized in the whisker plots. Note, this result also demonstrates 

the 90 sec, 365 nm UV exposure does not harm the Cy5 fluorophore or the DNA.  

 UV exposure does not bleach AF555 on MutS. c) Alexa555 MutS was bound to Cy5, T-

bulge 550 bp DNA in no nucleotide.  DNA was located by Cy5 emission under red laser 

excitation.  Alexa555-MutS at the mismatch was identified by FRET efficiency >0.5 under green 

illumination. d) Fraction of DNA with a mismatch bound MutS does not decrease under UV 

exposure used to photocleave end block linkage for up to 100 seconds. 
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Figure 3.7: MutL stops MutS mobile clamp. a) Including MutL with the ATP buffer greatly 

reduces the population of revisiting MutS and increases the population of FRET 0 compared to 

ATP alone. b) This MutL induced increase in population of MutS with FRET 0 could arise either 

from MutL locking MutS into a mobile clamp state that is sliding but cannot revisit the 

mismatch or from MutL trapping MutS away from the mismatch. c) Removing the DNA end 

block after the formation of MutS/MutL complex differentiates the two scenarios. If still sliding, 

MutS/MutL complex would slide off the free end of DNA, resulting in loss of donor fluorescence 

signal and decreased MutS occupancy on DNA; if stuck, donor signal will remain colocalize with 

acceptor signal. d) Occupancies change upon DNA end block release without and with the 

presence of MutL. The unfilled bars indicate occupancy of Cy 5 identified DNA by AF555-MutS 

and filled bars show occupancy after removal of end block. Occupancy decreases when mobile 

clamps leave the DNA. Left pair show experiments without MutL and right pair are with MutL 

present. Error bars are s.e.m. and star indicates p<0.05 on 2 sample unpaired t-test; two-tailed 

p value. All the conditions were repeated three times. e) Same results as in (d) but with the 

subpopulations of the 3 types of events color coded with the same key as Fig 1e: Green=FRET 

non-zero, stable; Red=FRET switching; Blue=FRET zero. A significant decrease on rebinding 

population is observed.  
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3.3.4: Biological implication  

 The dogma of MMR signaling, which evokes a mobile MutS/MutL sliding clamp, is based 

on two widely-accepted observations: ATP activates mismatch bound MutS to form a long-lived 

mobile clamp that no longer recognizes the mismatch (Mendillo, Mazur et al. 2005; Liu, Hanne 

et al. 2016; Jeong, Cho et al. 2011; Gorman, Wang et al. 2014), and the requirement for 

signaling at a distance in the E. coli methyl-directed MMR system where the mismatch-

activated MutS/MutL complex must in turn activate the latent endonuclease activity of MutH at 

the hemimethylated GATC site that can be 1000bp away. In fact, with E. coli proteins, 

MutS/MutL sliding clamps that interact with MutH have been observed (Liu, Hanne et al. 2016). 

Our studies strongly suggest that the mechanisms of MutS-MutL DNA MMR initiation appear to 

be different in non-methyl directed systems, which are much more common (including all 

eukaryotes and Taq (Kadyrov, Dzantiev et al 2006) than the E. coli paradigm. A fundamental 

difference between methyl-directed and all other MMR is that methyl-directed MMR requires 

signaling at a distance (between the mismatch and hemimethylated GATC site); whereas, for 

the rest, the processivity clamp (PCNA/-clamp) can move along the DNA to interact with MutL 

in a nonmobile MutS-MutL complex. For Taq MMR, our experiments demonstrate that MutS 

mobile clamps frequently revisit the mismatch (figures 3.3 & 3.4) and that MutS-MutL 

complexes are not mobile regardless of whether they are formed at or away from the mismatch 

(figure 3.7). 

 Taking all of these results together with previous studies, a comprehensive model for 

the action of MutS and MutL during initiation of DNA mismatch repair emerges. Once MutS 

recognizes a mismatch, it undergoes an ordered sequence of conformational changes that 
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appear to be associated with nucleotide exchange or release that license interaction with MutL. 

MutL binding to MutS bound to the mismatch results in a dynamic MutS/MutL/mismatch 

complex. If MutL interaction does not occur sufficiently quickly, the conformational changes 

lead to MutS mobile clamp formation. Here we discover that in the absence of MutL, ATP 

hydrolysis allows MutS mobile clamps to rebind the mismatch into an intermediate state of the 

signaling cascade (figure 3.3 & 3.4). MutS can repeat the cycle of mobile clamp formation and 

mismatch rebinding continuously in the absence of MutL. In the context of replicating DNA, the 

replication fork and assembling nucleosomes may function as reflecting barriers restricting the 

range of MutS mobile clamp movement and increasing the likelihood of repeated encounters of 

MutS with the mismatch (Fig 3.8 b). These effects combine to localize eventual MutS/MutL 

complexes in the vicinity of the mismatch where the mobile processivity clamp (PCNA/-clamp) 

can subsequently activate endonuclease activity of MutL. Such localization of nicking near the 

mismatch is observed in in vitro studies with human and yeast proteins (Kadyrov, Holmes, et al. 

2007), and it may enhance repair efficiency.  
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Figure 3.8: Modeling interactions of MutS and MutL in DNA MMR (a) Free energy landscape of 

the steps in the sequential pathway MutS follows from mismatch recognition to mobile clamp 

transition and onto rebinding. The dashed line indicates an event requiring nucleotide exchange 

(b) MutS alone may transition to a mobile clamp following mismatch detection. The motion of 

the mobile clamp (upper) is bounded on the DNA between the replication machinery and 

assembling nucleosomes. MutS rebinding the mismatch overall assists localizing interactions 

near the mismatch. Addition of MutL (lower) can stop MutS at the mismatch or away from the 

mismatch.  

a 
 

b 
 



  98 

 

REFERENCES 

Blackwell, L. J., Wang, S., & Modrich, P. (2001). DNA Chain Length Dependence of Formation 

 and Dynamics of hMutSα·hMutLα·Heteroduplex Complexes. Journal of Biological 

 Chemistry, 276(35), 33233-33240.  

Cho, W., Jeong, C., Kim, D., Chang, M., Song, K., Hanne, J., . . . Lee, J. (2012). ATP Alters the 

 Diffusion Mechanics of MutS on Mismatched DNA. Structure, 20(7), 1264-1274.  

Gorman, J., Wang, F., Redding, S., Plys, A. J., Fazio, T., Wind, S., . . . Greene, E. C. (2012). Single-

 molecule imaging reveals target-search mechanisms during DNA mismatch repair. 

 Proceedings of the National Academy of Sciences,109(45).  

Gradia, S., Subramanian, D., Wilson, T., Acharya, S., Makhov, A., Griffith, J., & Fishel, R. (1999). 

 HMSH2–hMSH6 Forms a Hydrolysis-Independent Sliding Clamp on Mismatched DNA. 

 Molecular Cell, 3(2), 255-261.  

Groothuizen, F. S., Winkler, I., Cristóvão, M., Fish, A., Winterwerp, H. H., Reumer, A., . . . Sixma, 

 T. K. (2015). MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL 

 onto DNA. ELife, 4.  

Hingorani, M. M. (2016). Mismatch binding, ADP–ATP exchange and intramolecular signaling 

 during mismatch repair. DNA Repair, 38, 24-31.  

Hsieh, P., & Yamane, K. (2008). DNA mismatch repair: Molecular mechanism, cancer, and 

 ageing. Mechanisms of Ageing and Development, 129(7-8), 391-407.  

Jeong, C., Cho, W., Song, K., Cook, C., Yoon, T., Ban, C., . . . Lee, J. (2011). MutS switches 

 between two fundamentally distinct clamps during mismatch repair. Nature Structural & 

 Molecular Biology, 18(3), 379-385.  



  99 

 

Kadyrov, F. A., Dzantiev, L., Constantin, N., & Modrich, P. (2006). Endonucleolytic Function of 

 MutLα in Human Mismatch Repair. Cell,126(2), 297-308.  

Kadyrov, F. A., Holmes, S. F., Arana, M. E., Lukianova, O. A., Odonnell, M., Kunkel, T. A., & 

 Modrich, P. (2007). Saccharomyces cerevisiaeMutLα Is a Mismatch Repair Endonuclease. 

 Journal of Biological Chemistry, 282(51), 37181-37190.  

Kunkel, T. A., & Erie, D. A. (2015). Eukaryotic Mismatch Repair in Relation to DNA Replication. 

 Annual Review of Genetics, 49(1), 291-313. 

Leblanc, S. J., Gauer, J. W., Hao, P., Case, B. C., Hingorani, M. M., Weninger, K. R., & Erie, D. A. 

 (2018). Coordinated protein and DNA conformational changes govern mismatch repair 

 initiation by MutS. Nucleic Acids Research.  

Liu, J., Hanne, J., Britton, B. M., Bennett, J., Kim, D., Lee, J., & Fishel, R. (2016). Cascading MutS 

 and MutL sliding clamps control DNA diffusion to activate mismatch repair. Nature, 

 539(7630), 583-587.  

Martín-López, J. V., & Fishel, R. (2013). The mechanism of mismatch repair and the functional 

 analysis of mismatch repair defects in Lynch syndrome. Familial Cancer, 12(2), 159-168.  

Modrich, P. (2016). Mechanisms inE. coliand Human Mismatch Repair (Nobel Lecture). 

 Angewandte Chemie International Edition, 55(30), 8490-8501. 

Pluciennik, A., Dzantiev, L., Iyer, R. R., Constantin, N., Kadyrov, F. A., & Modrich, P. (2010). PCNA 

 function in the activation and strand direction of MutL  endonuclease in mismatch 

 repair. Proceedings of the National Academy of Sciences, 107(37), 16066-16071.  



  100 

 

Qiu, R., Derocco, V. C., Harris, C., Sharma, A., Hingorani, M. M., Erie, D. A., & Weninger, K. R. 

 (2012). Large conformational changes in MutS during DNA scanning, mismatch 

 recognition and repair signaling. The EMBO Journal, 31(11), 2528-2540. 

Qiu, R., Sakato, M., Sacho, E. J., Wilkins, H., Zhang, X., Modrich, P., . . . Weninger, K. R. (2015). 

 MutL traps MutS at a DNA mismatch. Proceedings of the National Academy of 

 Sciences,112(35), 10914-10919.  

Schofield, M. J., Nayak, S., Scott, T. H., Du, C., & Hsieh, P. (2001). Interaction of Escherichia 

 coli MutS and MutL at a DNA Mismatch. Journal of Biological Chemistry, 276(30), 28291-

 28299. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  101 

 

CHAPTER 4 

Tethered Particle Motion (TPM): Technique and Application 

4.1: Introduction 

 Single molecule techniques have become an essential part of many biophysics 

experiments by providing unique tools for detecting the trajectory of individual molecules 

rather than their collective averaged behavior. Unlike SEM or AFM which only capture 

instantaneous forms of molecules of interest, the Tethered Particle Motion (TPM) technique 

(Han, Lui et al. 2009; Nelson, Zurla et al 2006) offers a tool to monitor the real time dynamics in 

solution at nanometer scale. The basic idea of TPM is to use a macromolecule to attach a 

submicron-sized microsphere to a fixed point on a surface. The microsphere, which is referred 

to often as the bead in this chapter, performs Brownian motion restrained by the 

macromolecule tether. The bead is large enough for detection under a conventional 

microscope, making TPM assay less expensive and more accessible. By tracking the motion of 

the bead, the end-to-end distance of the underlying macromolecule can be calculated and used 

to create a time course trace to monitor molecular conformational transformations (Han, Lui et 

al. 2009; Nelson, Zurla et al 2006).  TPM has been successfully employed to studies of various 

processes, including transcription of RNA polymerase, protein synthesis, transcription factor-

DNA binding and so on (Schafer, Gelles et al. 1991; Kovari, Yan, et al. 2017). In this chapter, I’ll 

explore the technical details of TPM technique and demonstrate its applications to MMR 

proteins.  



  102 

 

4.2: Materials and methods 

4.2.1: Pretreatment of the beads 

 Both protein-G coated beads (0.84 um) and anti-digoxigenin coated beads (0.74um) are 

purchased from Spherotech. Beads come in suspension in buffer and contain coating proteins 

that allow linkage to other molecules. Excess, loose coating proteins in solution compete with 

the beads in binding to their counterparts on the free end of surface attached DNA. Washing 

the beads by spinning them down and resuspending them in buffer multiple times is necessary 

and effective at addressing this issue. 

 For protein-G coated beads, 20ul beads suspension are spun down at 10k rpm for 1min 

and then resuspended in 200ul water. Repeating the suspension/pelleting step three times is 

sufficient to ensure the removal of in-solution protein. For anti-digoxigenin coated beads, 

1mg/ml BSA is added into the original suspension as well as the water in later steps to help the 

beads form a good pellet during centrifugation. The pellet is finally resuspended in 30ul water 

by vortexing and sonicating in order to break up any bead clumps. 

 

4.2.2: Assembly of tethered beads 

 The flow chamber is prepared as describe in chapter two and also previous literature 

(Leblanc, Gauer et al. 2018; Le, Kim 2014). Briefly, glass or quartz slides (with drilled holes) and 

coverslips are first washed by EtOH, acetone and 1M KOH. To functionalize the chamber surface, 

80ul sodium bicarbonate solution containing 20mg silane-PEG and 0.2mg silane-PEG-biotin is 

then applied between a pair of slide and coverslip. An overnight incubation ensures the 
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completion of the reaction. Afterwards, slide and coverslips are rinsed with water and then flow 

chambers are constructed on their surface. 

 The 550bp DNA used in this study is modified on both ends: one end with biotin and the 

other with digoxigenin. DNA is immobilized onto the chamber surface by biotin-steptavidin-

biotin (figure 4.1). Two types of protein coated polystyrene beads are used in this study. For 

protein-G beads, anit-digoxigenin (Roche, 11333089001) is used as an intermediate agent to 

link the digoxigenin on DNA and protein-G on beads; whereas anti-digoxigenin coated beads 

will directly attach to the digoxigenin end of DNA. Dilutions on DNA solution and bead 

suspension are necessary before injecting into the chamber to ensure the tethered beads are 

well-spaced. Free beads are rinsed out after a 20min incubation. 

 

4.2.3: Data acquisition 

 High-throughput TPM studies can be achieved using bright-field, dark-field or 

differential interference contrast microscope (Han, Lui et al. 2009; Nelson, Zurla et al 2006; 

Brinkers, Dietrich, 2009). Here we choose bright-field microscopy due to its simplicity. An 

Olympus IX71 inverted microscope with 1.6x build-in extra magnification combined with 

Olympus UPlanSApo 60x water lens or UPlanSApo 100x oil lens give large fields of view and 

ample spatial resolution/contrast. The camera used in this study is a scientific emCCD 

(Cascade512B) purchased from Photometrics. Videos with 512 pixels on each edge are recorded 

with home-built software at either 10FPS or 20FPS. A typical file size for an 1800 frame video is 

about 1GB. 
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4.2.4: Data analysis 

Subpixel center finding A time series of (x,y) coordinated is needed to characterize the 

behavior of the tethered beads. With a bright-filed microscope, beads are imaged as a spot 

with a Gaussian profile. The coordinates of the bead center in each frame throughout entire 

video is determined by utilizing a custom written Matlab script TetherAnalysis_Batch.  

 This script performs several processing steps. The first is to generate a background 

image replacing pixels by the median of a 3x3 pixel region and then bicubic rescaling the image 

back to 512x512. In the initial frame, general positions of beads are identified by localizing 

pixels that are higher than the background by 1 or 2 times the background image standard 

deviation. Next, a region of interest (29x29 pixels) is created around these positions in which 

the true center of the bead is calculated using a subpixel localization algorithm based on an 

analytic, non-iterative calculation of the best-fit radial symmetry center (Parthasarathy, 2012). 

These Cartesian subpixel coordinates are stored in individual txt files for each bead in pixel units. 

 

Video length TPM experiments report the stochastic process that a tethered particle exhibits.  

As one can imagine, the instantaneous position of the particle does not reflect any property of 

the DNA restraint. An adequate time record of bead positions is needed to represent the full 

range of the bead excursion. In addition, a  minimum duration of observation is also required to 

let the bead explore its accessible hemisphere. One must meet both minimal frame number 

recorded and minimal observation time requirements in order to accurately calculate the 

length of the DNA tether. These factors are studied and results are shown (figure 4.3 & 4.4). 

1800 frames are used in this study to calculate the equilibrium excursion rms. 
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Drift correction The coordinate txt file, which is two-dimensional projection of the 

instantaneous position of the beads reports the raw movements of the beads and serves as the 

source for further processing. A second Matlab script, TPM_Raw_Txt_Analysis, is used to 

remove systematic linear drift and reveal the Brownian motion of these tethered beads.  

 Due to the unavoidable mechanical instability of the experimental instruments, the 

beads are often found to be subject to a slow drift.  We use a 4th order High pass Butterworth 

filter with 0.03Hz cutoff frequency to remove any potential drift, set as ‘butter(2,.03,'high')’ in 

Matlab. An extreme example, where the microscope stage is drifting extensively, shows the 

linear shift of the bead center coordinates is completed removed by this approach. 

 

Excursion characterization Two parameters are used to describe a bead’s movement in a 

TPM experiment: excursion and eccentricity ratio. 

 Bead excursion can be quantified by the root mean square of the bead position with the 

following equation (mathematically, it is equivalent to the square root of the variance of the 

bead positions): 

                                                𝑅𝑀𝑆𝑡−𝑝𝑖𝑥𝑒𝑙  =  √< (𝑥 − �̅�)2 + (𝑦 − �̅�)2 >𝑡   (4.1) 

 Here, t is the time interval widow over which RMS is calculated;  �̅� and �̅� are the average 

x and y over this time interval t (Kovari, Yan, et al. 2017). Note all the coordinates (x,y) are in 

pixel unit. In order to covert the pixel unit into physical unit, a calibration (M) between pixel-on-

camera-chip and area-on-slide is required. The physical dimension of the pixels on the chip of 

the camera is 16 micron X 16 micron. When using a 100x lens, in addition to the extra 1.6x 

microscope build-in magnification, one pixel will cover a square area with M = 100nm 
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(16um/(100*1.6)) on each side; when using a 60x lens with the extra 1.6 magnification, M will 

be 166.7nm (16um/(60*1.6)). 

                                            𝑅𝑀𝑆𝑡  = 𝑀 ∗ √< (𝑥 − �̅�)2 + (𝑦 − �̅�)2 >𝑡   (4.2) 

 With this equation, one can plot RMS-t trace to monitor the dynamics of the bead 

excursion, if any. Note, when t is set as the full length of the video, this equation only returns 

one excursion value instead of a time series. When no transient state is expected (a one-state, 

steady-state system), this equilibrium RMS value is sufficient to represent the effect of the 

experimental condition. 

 Tethered beads perform restrained Brownian motion in the X-Y plane, which will appear 

as a highly symmetrical excursion pattern in the ideal case. The shape of the excursion pattern 

can be characterized by its eccentricity ratio. An eccentricity ratio equal to 1 indicates this 

pattern is perfectly symmetrical and the ratio >>1 reports this pattern to be highly 

asymmetrical. Using the Matlab command regionprops, we obtain axes for elliptical fits to 

these patterns and calculate the eccentricity ratio by MajorAxisLength/MinorAxisLength (figure 

4.2). 

 

Bead selection Single molecule experiments allow the observation of each individual 

molecule and enable distinguishing subgroups of molecules with different behaviors. Non-

specific interactions are a challenge to interpreting single molecule level studies. As a single 

molecule technique, TPM assay data usually contains desired bead/DNA complexes and 

unwanted non-specific bead/DNA complexes. One must take care to distinguish and exclude 

these artifacts to ensure the accuracy of data analysis and conclusions. Scatter plot analysis is 
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one such important control. Scatter plots of x,y coordinates from each frame of a movie for a 

bead visualize the distribution of a bead’s positions and provide a direct representation of the 

pattern (figure 4.2). Beads’ excursion patterns can be generally categorized into three groups, 

as shown below, that can be used in a more quantitative approach to assess the quality of TPM 

assay data. 

 Analysis of stuck beads give a distribution of RMS bead displacements peaked at 7.7 nm 

with a Gaussian width of 1 nm, which allows them to be eliminated from consideration by 

requiring a RMS displacement larger than 15 nm (figure 4.5a). Beads with eccentricity ratio 

greater than 1.07 are excluded from analysis to remove artifacts caused by undesired 

interactions (Kovari, Yan, et al. 2017). 
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Figure 4.1: A typical DNA TPM experiment. DNA is immobilized to glass surface and attached to 

a bead on the other end. The Brownian motion of the bead is recorded under a microscope and 

its center is tracked using peak finding algorithm. The extension of bead’s excursion reflects the 

length of the DNA tether. Other tethering schemes are also developed to enable studies on for 

example polymerase, motor protein or helicase. 

 

 

Figure 4.2: Typical scatter plots of three sorts of bead movement in a TPM experiment. Group I: 

Stuck beads showing minimal movement around the anchor point. Group II: Beads attached by 

two near-by DNA displaying linear pattern. Group III: Good beads showing extended motion 

and symmetric pattern. The eccentricity ratios and RMS values for the scatter are (1.019, 9.78), 

(2.162, 137.1) and (1.020, 187.7), respectively from left to right. 
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4.3: Result and discussion   

4.3.1: Technical parameter study: video length 

 TPM experiments report the stochastic processes a restrained particle exhibits.  As one 

can imagine, the instantaneous position of the particle cannot reflect any property of the 

confinement. Extended observations of the bead’s position are needed to accurately evaluate 

the length of the DNA tether. Other than an adequate frame number for the calculation, a 

sufficiently long observation is also required to allow the bead to physically explore the 

available hemisphere. Too short of an observation will lead to an underestimation of RMS while 

too long will result in loss of temporal resolution. These two factors, frame number and 

observation time, entangle. One can empirically test and determine the proper settings on the 

specific instrument in use. 

 A 0.84um protein-G coated bead tethered by 550bp double-stranded DNA is used as 

model to study these ideas. A 2400 frame video at 10FPS or 20FPS is recorded and the first 300, 

600, 900… 2400 frames are used to calculate both the excursion and eccentricity ratio of the 

beads. With no added proteins, these are expected to be symmetrically moving beads. Six 

freely moving tethered beads are selected and the results from using different numbers of 

frames for RMS calculations are plotted in figure 4.3. 

 On the frame-used vs. RMS plot, the calculated RMS is dramatically underestimated 

when only a small number of frames is used. After using about 40 frames (4s) to 100 frames 

(10s), the RMS approaches its steady value (plateau) suggesting this is a minimum number of 

frames to use. Using more frames or longer observation times does not significantly change the 

resulting RMS value. However, for eccentricity ratio, the value drops dramatically as more and 
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more frames are included. Eccentricity ratio reaches its lowest values only after including about 

750 frames. Based on these results, we selected 1800 frames to be the minimum frames 

required to obtain a reliable equilibrium RMS value for the static states in this study. 

 Interestingly, once a bead is verified to be good by its low eccentricity ratio over a fairly 

large number of frames (>1800), one can simply use as low as 100 consecutive frames over 10s 

to evaluate its RMS. This means under this experiment setting, a 100 frame (10s) widow is big 

enough to maintain a high accuracy when generating a time course trace of RMSt following 

equation 4.2 in order to reveal potential dynamics with slow transitions.  

 A faster camera recording rate will improve the temporal resolution of TPM 

experiments. We later switched to using 20FPS and found 100 frames (5s) is a good choice for 

this setting. Other researchers employ a variety of scanning widows ranging from 132 frames 

(4s) to 400 frame (8s) (Han, Lui et al. 2009; Nelson, Zurla et al 2006; Kovari, Yan, et al. 2017). 

However, as shown in later sections, no dynamics were detected on the systems studied in this 

thesis. Based on these test, we decided to record 1800 frames for an accurate tether length 

estimation and truly representative eccentricity ratio of beads’ Brownian motion for both 10FPS 

and 20FPS data acquisition.   
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Figure 4.3: Adequate data required to accurately characterize the movements of the beads. Six 

beads were picked to demonstrate the effect of video length on characterization of RMS and 

eccentricity (top row six beads recorded with 10FPS; bottom row six beads recorded with 

20FPS). RMS values reach their plateau with a relatively low number of frames used (100 

frames) while eccentricity ratios reach steady value only with more than 750 frames. Dashed 

lines in the Eccentricity Ratio v.s. Frame-used graphs indicate eccentricity ratio level 1.07. 

  

10FPS 
10FPS 

20FPS 20FPS 
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4.3.2: Technical parameter study: Blurring effect by low frame rate 

 To improve the data acquisition efficiency, data in later stage of this TPM study was 

recorded at 50 msec exposure time (20 FPS) instead of 100 msec exposure time (10 FPS). A 

comparison study was conducted to examine how these different exposure times affect the 

apparent RMS distance characterizing the motion. The system used for this study is the protein-

G bead tethered by 550bp T-bulge DNA. 1800 frame videos were acquired. As shown in figure 

4.4, with 50 msec exposure, the RMS histogram peak is at 176nm with 12 nm standard 

deviation, whereas with 100 ms exposure, the peak is at 183nm with 8 nm standard deviation.  

 One common explanation on the difference in TPM measurement with different 

exposure time/frame rate is motional blurring. Han reported that with a 901 bp DNA and 490 

nm diameter beads, longer exposures reduce the apparent RMS motion of the bead. The effect 

is minimal for exposure times lower than 30 ms, but decreases sharply above this value (Han, 

Lui et al. 2009). To account for these possibilities, all work in this thesis studying effects of 

protein is compared to control experiments without protien that are performed on the same 

day. Specifically, the change of beads excursion under each condition is always compared to a 

control experiment with the same tether setup, which is taken under same recording setting in 

same day, on one slide and with one patch of beads. Results should be calibrated carefully 

when quantitative measurements of parameters such as physical length of the tether are 

sought, but for qualitative studies, motion blur bias can be mediated by careful experimental 

design. 
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Figure 4.4: Effect of frame rate on TPM data analysis. 550bp T-bulge DNA is attached to PEG 

passivated surface through biotin-streptavidin interaction. Dig on the free end of the DNA is 

bound by an antidig molecule which is then linked to protein G on 0.84 micron polystyrene 

beads. Data were acquired with 50 ms per frame (20 FPS) or 100 ms per frame (10 FPS). 50 ms 

per frame results in a 7nm shift on the histogram of RMS values compared to 100 ms per frame. 

Experiment 06132018 
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4.3.3: Technical parameter study: Excursion of beads when stuck, attached to different-sized 

beads or different-length DNA 

 As mentioned previously in the section on bead selection, stuck beads are normally 

excluded from TPM analysis due to the lack of a free DNA tether. Yet, a close look at these 

beads still reveals useful information. The histogram of stuck beads (figure 4.5a) displays a 

sharp peak at 7.7 nm with a narrow width 0.76 nm. Idealy, a totally stuck beads should report 0 

nm RMS. The 7.7 nm here is probably a result from measurement noise and algorithm peak 

finding inaccuracy. The 7.7 nm also represents the highest precision our TPM experiment can 

achieve.  

 We next compare the RMS obtained for unstuck, freely moving beads for the two types 

of beads used in this study: protein-G coated 0.84 micron polystyrene beads and antidig coated 

0.75 micron polystyrene beads. The calculated RMS with the same 550 bp DNA tether stayed 

fairly consistant for each type of beads but a difference is found across the types. The 

histogram below shows typical results from protein-G coated beads and antidig coated beads 

that are both attached to 550 bp T-bulge DNA. The two tethered beads both show a narrow 

peak that fits well with Gaussian function. The 0.84 micron diameter protein-G bead centers at 

177.2 nm and the 0.75 micron antidig bead gives 160.6 nm. A calibration curve has been 

established by Han that relates the bead size and the DNA tether length to apparent RMS. Our 

bead sizes lie between the D=490nm and D=970nm beads Han used and the RMS values for our 

550bp DNA tether indeed fall into the region of 150nm-200nm, as shown in the curve. In 

addition, the fact that a smaller bead results in a lower RMS value (160.6nm for 0.75um bead 
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and 177.2nm for 0.84um bead) agrees with Hans observation. The different attachement 

schemes may also play a role in determining the apparent RMS values.  

 We also checked the RMS using 2500 bp homoduplex DNA attached by protein-G coated 

0.84um beads. This substrate was generated by the same method as the 550 bp DNA except 

using different PCR primers to pull out a longer region from the parent plasmid. Results using a 

60x water lens and 100x oil lens were compared to learn if magnification affects the observed 

bead excursion RMS. Due to the short working distance, on our inverted micrscope platform 

the 100x oil lens can only image the bottom surface of the chamber. The 60x water lens can 

reach both the top and bottom surfaces. Traditionally, we observe the top surface for the prism 

type TIRF experiments. Here we measured bead excursion on the top surface with the 60x 

water lens to bridge the two single molecule techiques and to check if the top or bottom 

surface yield different results. These two recording settings (bottom surface, 100x v.s. top 

surface, 60x) reported very similar results. The major population of the beads observed showed 

a peak at 307 nm (306 nm for bottom, 100x and 308 nm for top, 60x), which is also the largest 

excursion exhibited as expected for this longer DNA. This RMS excursion is also in general 

agreement with Han’s calibration curve (Han, Lui et al. 2009). The lack of importance of specific 

magnification is also expected as other researches perform TPM experiments on a variety of 

magnifications, including even 40x magnification (Ucuncuoglu, Schneider, et al. 2017).  
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Figure 4.5: Histogram characterizations on stuck bead, bead size impact and longer DNA tether. 

a) Stuck 0.84 micron protein G beads show a RMS distribution peak at 7.7 nm. b) Different sized 

beads report different RMS excursion on the same DNA tether. With the same 550bp DNA 

tether, 0.84 micron beads lead to 177nm excursion while 0.75 micron beads lead to 161nm. c) 

A test with longer DNA tether. 2500mer DNA tether, which is attached by 0.84 micron beads, 

displays excursion of 307 nm. This graph also shows that 60x lens/100x lens, top 

surface/bottom surface of the chamber show negligible impact on the results. d) Calibration 

study of excursion of bead as a function of the tether length for different sized microspheres by 

Han (Reproduced from Han, Lui et al. 2009). The results in this thesis are consistent with this 

study as for bead size and DNA tether length impact. 
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4.3.4: Applications: gapped DNA 

 A precise comparison between protein-G beads attached to 550bp T-bulge DNA (intact 

DNA) or 550bp DNA with a 32bp single-stranded region in the middle shows that the difference 

between these two DNA tethers can be distinguished by our TPM experiment. This gapped DNA 

was generated as an intermediate step in our construction of T-bulge 550 bp DNA described 

earlier. Experiments repeated two independent times with different lenses and observation 

surfaces both revealed that gapped DNA exhibited a smaller RMS value than intact DNA. When 

observing top surface with 60x water lens, gapped DNA resulted in 176.0 nm while intact DNA 

showed 181.3 nm. When 100x oil lenses was used, on the bottom surface, gapped DNA and 

intact DNA reported 178.3 nm and 187.2 nm, respectively.  

 Many studies have shown that in near-native environment, double stranded DNA 

behaves as a stiff polymer with persistence length of ~50nm/150bp (Williams, Iii 2000). Single 

stranded DNA, however, possesses a much shorter persistence length below 7nm (Tinland, 

Pluen et al. 1997). Chi concluded a persistence length of 2.223nm and single base length of 

0.676nm obtained from fluorescence correlation spectroscopy measurements using mean field 

theory (Chi, Wang et al. 2013). Following their values, 32bp single-stranded DNA region will be 

21.6nm and about 10 times of the persistence length. This region is extremely flexible, leading 

to a reduction on the DNA contour length. In addition, the disruption of the double-stranded 

helical structure significantly impairs the persistence of DNA. As a result, a bend at the single-

stranded part will further decrease the end-to-end distance of the DNA. A shorter tethered 

bead excursion is thus expected. 
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 This comparison demonstrated that single-stranded region that is 32bp embedded in a 

double-stranded DNA molecule is detectable with TPM experiments. Although all our our 

studies tested were static systems, other researchers have shown that continuous changes on 

DNA tether length can be monitored by the shift of tethered bead excursion (Ucuncuoglu, 

Schneider et al. 2017). Similarly, we expect that TPM is capable of revealing, in real-time, the 

changing of DNA tether length that might arise from creation and elongation of single-stranded 

region by an exonuclease. This technique is planned to be used for studying DNA nuclease and 

excision activity. EXO1 protein is believed to be a strong exonuclease that degrades the faulty 

DNA strand during DNA mismatch repair process and can be a great system to apply this TPM 

technique to in the future (Lee & Wilson 1999).  
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Figure 4.6: Reduction on bead excursion by DNA single-stranded region. 550bp DNA is 

immobilized in the chamber with 0.84um protein-G coated beads attached to the other end. 

DNA with a 30bp single-stranded region is noted as gapped DNA. The left graph shows data 

acquired with 60x lens on the beads attached to the top surface of the chamber while the right 

graph shows data acquired with 100x lens on the beads attached to the both surface of the 

chamber. Histograms of gapped DNA are plotted in blue and histograms of intact DNA are 

plotted in red. Gapped DNA results in significantly shorter RMS values compared to intact DNA 

in the two independent experiment repeats.  
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4.3.5: Applications: human MMR protein 

 As a solution assay, TPM is able to measure biomolecules while they are exposed to 

their required ambient factors to perform functions. In fact, the very first TPM publication 

reported transcription by single molecules of RNA polymerase observed under light microscope, 

where the Brownian motion of RNA attached beads covered larger and larger area as the 

transcription proceeded (Schafer, Gelles et al. 1991). Another classic system thoroughly studied 

by TPM is DNA looping by LacI protein (figure 4.7a) (Yan, Ding et al 2018). Looping of DNA 

displays dynamic binding and unbinding of LacI protein to Lac operon on DNA, which leads to 

DNA repetitively switching between an extended form and a looped form. These examples 

demonstrate the capability of TPM for detecting DNA topological changes caused by molecular 

interactions.  

 If no conformational change of the DNA tether is expected or observed, the equilibrium 

RMS value calculated from the excursion of each bead would be sufficient to represent the 

impact of such condition. A close look at the temporal behavior of bead excursion is necessary 

before deciding using equilibrium RMS approach or RMS time course trace approach.  

 Here we used TPM to study human mismatch repair proteins (hMutS and MutL) as 

well as Taq proteins (MutS and MutL) interacting with T-bulge DNA. From the raw coordinate of 

the bead excursion, one can calculate a time series of RMS values following equation 4.2. The 

RMS vs. time trace will depict the RMS change over time. As shown in figure 4.7b,c &d, 

although the three beads display different RMS value under different conditions, their RMS vs. 

time traces stay flat, meaning no dynamics is present within the time scale of a single video 

(1800 frame, 180s). Equilibrium RMS values will accurately reflect the status of tethered beads. 
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 For TPM studies using equilibrium RMS values, multiple videos or fields of view (FOV) 

are needed in order to collect enough tethered beads to build statistics. For example, 4 videos 

are taken for DNA-only controls and 13 videos are taken for 4nM human MutS + 4nM human 

MutL + 2mM ATP conditions. To collect all of this data can take as long as one hour. One must 

confirm the homogeneity of the data collected at different time point before pooling. The 

homogeneity also indicates no dynamic DNA conformational changes at the video-to-video 

time scale. For this purpose, we grouped the RMS values of individual beads from each video 

and plotted them as box plot (figure 4.7e). These time-series box plots show that at the time 

scale of our data collecting (3min for each video and 1min between videos), no significant RMS 

shift is observed under each condition. Waiting times on this scale are thus not a factor that will 

influence the conformation of dsDNA tether, thus the videos taken under each condition can be 

seen as one and the results can be pooled. These observations indicate that the interaction 

between the DNA and human MutS/MutL in solution reaches equilibrium after the protein 

solution is introduced to the chamber but before the first video is recorded. 

 The pooled data for DNA-hMutS/MutL experiments are tabulated into histograms 

shown below (figure 4.8). In the presence of ATP, 2nM hMutS reduces the Brownian motion 

of T-bulge DNA tethered beads. Addition of hMutL further strengthens this shortening effect. 

As expected, no significant changes in bead excursion is observed with matched homoduplex 

DNA. However, in the presence of ADP, the DNA tethers are also shortened upon introducing 

hMutS/hMutL, which is distinct from the observation with Taq mismatch repair proteins 

described below in the next section (figure 4.9). This indicates that Taq and human mismatch 

repair pathways may involve different processes at molecular level.  
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Figure 4.7: No dynamics are detected within individual video or video-to-video time scale. a) 

Time course trace of LacI-LacO looping shows clear transitions on DNA conformation 

(Reproduced from Yan, Ding et al 2018). b, c & d) Time course traces of human MMR protein 

interacting with T-bulge DNA. Although incorporation of protein reduces DNA tether length, no 

dynamic transition is detected. e) Box plots of RMS from each videos under various conditions. 

Under each condition, no significant difference across the videos is observed. 
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Figure 4.8: Histograms of TPM study on interaction between human MutS/MutL protein and 

T-bulge DNA. a) In the presence of ATP, human MutSreduces the excursion of T-bulge DNA 

tethered beads. Addition of hMutL further strengthens this shortening effect. b) Homoduplex 

DNA is unaffected by the introduction of human MutS/MutL with ATP. c) Shortening of T-

bulge DNA by human mismatch repair protein in the presence of ADP.

a b 

c 
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4.3.6: Applications: Taq MMR protein 

 As discussed in previous chapters, in the absence of any nucleotide, Taq MutS associates 

with DNA T-bulge mismatch and remain bound for a long period. Crystal structures and 

AFM/smFRET experiments have shown that mismatch-bound MutS induces bending of the DNA 

at the mismatch site (Obmolova, Ban et al. 2000; Wang, Yang et al 2003; Leblanc, Gauer et al. 

2018; Sass, L. E., Lanyi et al. 2010).  AFM data also shows that MutS bound on DNA nonspecific 

regions also bends DNA to about 30 degrees (Wang, Yang et al 2003). ATP triggers mismatch-

bound MutS to form a mobile clamp that slides along DNA, leaving the mismatch site 

unoccupied for subsequent MutS binding (Qiu, Derocco et al 2012). In this way, with ATP 

present, multiple MutS molecules are able to load onto end-blocked DNA, all existing as mobile 

clamps. MutS then recruits MutL to continue MMR signalling. Here we use the tethered particle 

motion assay to examine the topological change of T-bulge DNA u pon its interaction with Taq 

MutS and MutL. 

 We attached protein-G coated 0.84 micron polystyrene beads to surface anchored T-

bulge 550 bp DNA. Free DNA shows a distribution of excursion distance centered at 180 nm. 

Addition of 10nM Taq MutS alone into the chamber did not significantly change beads’ 

excursion. However, after injecting 10nM Taq MutS together with 2mM ATP in the buffer into 

the chamber, excursion distance dramatically shifted to 150nm. An identical bead assembly was 

also employed for experiments whose results are shown in figure. 5nM Taq MutS plus 2mM 

ATP significantly shortened the excursion from 180nm to 150nm range.  However, the 

distribution does not show any further difference when 5nM Taq MutS, 5nM Taq MutL and 

2mM ATP were introduced to the chamber. 



  126 

 

This set of results shows that the DNA bending resulting from one MutS molecule binding to the 

mismatch site, as in the absence of any nucleotide, does not lead to distinguishable change on 

the bead excursion in our experiment setup. The drastic 30nm shortening effect when ATP is 

incorporated could be explained based on the observation that MutS bends DNA. Each loaded 

MutS bends DNA at its location, whether on the DNA mismatch site or nonspecific region by 

about 35 degrees. These relatively rigid bends not only dramatically decreases the DNA 

persistence length, but also reduces the end-to-end distance geometrically. The bending by 

multiple bound MutS collectively leads to the apparent reduction on beads’ excursion. The 

detailed DNA configuration in these systems awaits further study. 
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Figure 4.9: Histograms of TPM study on interaction between Taq MutS/MutL protein and T-

bulge DNA. a) The excursion of T-bulge DNA tethered bead is not affected upon interaction with 

Taq MutS in the absence of nucleotide. Incorporation of ATP reduces T-bulge DNA tether length. 

b) MutL does not further shorten DNA. c) In the presence of ADP, Taq mismatch repair protein 

has no effect on DNA tether length. 
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b 
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CHAPTER 5  

Summary 

 This dissertation is focused on revealing the conformational dynamics of DNA mismatch 

repair proteins with single molecule fluorescence resonance energy transfer and some tethered 

particle motion studies. During DNA replication, DNA polymerase duplicates the original DNA 

molecule into two identical replicas with a non-zero error rate. Organisms have developed a 

system comprised of DNA mismatch repair (MMR) protein machinery to repair mismatched 

nucleotide bases and short insertion/deletion loops. Decades of study has revealed that MutS 

and MutL proteins play essential roles in initiating and signaling repair, yet molecular-level 

mechanistic details are still lacking. Here we use single molecule fluorescence resonance energy 

transfer to characterize the dynamic interaction of Thermus aquaticus (Taq) MutS with T-bulge 

mismatched DNA and the impact of Taq MutL during mismatch recognition and mobile clamp 

formation.  

 In chapter 1, we discuss the current state of DNA mismatch repair research both by 

traditional biochemical approaches and novel biophysical techniques.  The first two proteins in 

the MMR pathway, MutS and MutL, are well known and have been extensively characterized 

for some species. The use of reconstituted MMR assays has revealed the identities of essential 

proteins. Chapter 1 also introduces the experimental technique used in this dissertation. 

 In chapter 2, we report our findings about coordinated DNA and MutS conformational 

changes during mismatch recognition. We monitored the interaction between MutS protein 

labeled with donor and mismatched DNA labeled with acceptor. The MutS protein 

(C42A/E315C) was labeled on E315C residue by Alexa Fluor 555, which was confirmed to have 
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little impact on DNA binding or MutS ATP hydrolysis behaviors. The mismatched 550 base pair 

DNA contains a thymine insert in the middle and a Cy5 fluorophore 9bp away. In the presence 

of ADP, we observed a direct MutS binding/unbinding event at the mismatch site, which 

resulted in a low 0.21 FRET value. In the presence of ATP, other than the 71% ADP-like events, 

we also observed 29% events featured by three-step FRET transition 0.15 -> 0.5 -> 0. These 

results are consistent, both in FRET values and kinetics, with previous work done by Qiu who 

reported FRET transition of 0.65 -> 0.45 -> 0 with donor labeled on dynamic MutS DNA 

interacting domain I (M88C residue). The transition 0.65 -> 0.45 -> 0 from M88C is interpreted 

as the conformational transformation of MutS domain I at different stage of mismatch 

recognition. The E315C label site in this dissertation resides on the MutS lever region domain III, 

which according to crystallography studies is believed to be stable and static. We interpret the 

FRET transition 0.15 -> 0.5 -> 0 from E315C to report the DNA bending/unbending and 

associated conformational changes within the MutS-DNA complex. Distance measurements in 

crystal structures agree with this interpretation. Combined with DNA-DNA FRET transitions 

reflecting DNA bending upon interaction with MutS, we proposed a model of coordinated DNA 

and MutS conformational changes during mismatch recognition where both conformations of 

DNA and MutS are essential.  

 In chapter 3, we describe our finding about the mismatch rebinding behavior of MutS 

mobile clamp on end-blocked DNA, as well as the impact of MutL on MutS mismatch rebinding. 

An identical mismatched DNA substrate and both M88C- and E315C-labeled Taq MutS were 

used in the studies described in this chapter. We optimized a protocol to minimize the number 

of DNA molecules with multiple MutS mobile clamps so that a single mobile clamp could be 
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monitored. On end-blocked T-bulge DNA, we observed 69% bound MutS-M88C molecules 

alternate between FRET 0 (mobile clamp) and FRET 0.5 (mismatch bound) without 

disassociation. The lifetime of FRET 0.5 state matches that of 0.45 state during initial mismatch 

recognition by MutS. The lifetime of the FRET 0 state is about double that of the FRET 0 state on 

end-free DNA before MutS mobile clamp slides off DNA. Results were similar with MutS-E315C. 

The matching FRET 0.5 state lifetime and unmatching FRET 0 lifetime when comparing blocked 

and unblocked DNA suggests that there is another factor controlling the rebinding ability of 

MutS mobile clamp. We next tested the influence of solution nucleotide on MutS mobile clamp 

rebinding phenomena and concluded that only hydrolysis by ATP strongly promotes mismatch 

rebinding. The presence of Taq MutL in solution strongly reduced the probability of MutS 

mismatch rebinding events. With a photocleavable DNA end-block experimental design, we 

were able to determine the mobility of the MutS-MutL complex when MutL joined after the 

formation of MutS mobile clamp. The results demonstrate that MutL stops MutS from free 

diffusion. We proposed a model where rebinding the mismatch causes MutS to remain in close 

proximity to the DNA mismatch while MutL stops MutS translocation along DNA. We suggest 

that this stable MutS-MutL complex then is important for recruiting downstream MMR factors. 

This model localizes the MMR complex near the mismatch and facilitates efficient repair. 

 In chapter 4, we explored implementation of a Tethered Particle Motion (TPM) assay 

and its application to DNA binding protein studies. The basic idea of TPM is to use a long 

molecule to attach a submicron-sized microsphere to a fixed point on a surface. The long 

molecule is the tether. The microsphere, which is often referred to as the bead, performs 

Brownian motion restrained by the macromolecule tether. The bead is large enough for 
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detection under a conventional microscope with standard white light trans-illumination, making 

the TPM assay less expensive and more accessible. In addition, by not requiring fluorescence 

detection, TPM can be used with unlabeled proteins. By tracking the motion of the bead, the 

end-to-end distance of the underlying macromolecule can be calculated and used to create a 

time course trace to monitor molecular conformational transformations. In our studies, we use 

the 550 base pair DNA of the MMR studies in the previous chapters as the tether molecule. We 

described the bench-top protocol, data analysis routine and impact of parameters’ (including 

video length, frame rate and bead size) on experimental results. We also test the impact of 

different tether lengths and a single-stranded region on the DNA. Finally, we report detection 

of DNA shortening caused by MMR protein binding on the tether. 

 Overall, the work presented in this dissertation demonstrates that single molecule 

fluorescence energy transfer and tethered particle motion are great tools for monitoring 

molecular dynamics that are hard to be detected with other techniques. We have identified 

novel behaviors of MMR proteins that point to revision of leading models of MMR signaling. 

Future directions with these studies will aim toward incorporating downstream mismatch 

repair proteins, such as -clamp (PCNA), UvrD and EXO1 into these assays to advance our 

understanding of the detailed molecular mechanisms that are fundamental to DNA MMR. 

 

 

 


