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Abstract 

 
DNA carries the genetic instructions needed to create life and therefore its stability should be ensured. 
The integrity of a genome is continuously challenged by exposure to endogenous and environmental 
agents that can cause genetic insults. Moreover, errors might be introduced via the process of DNA 
replication during cell division. Since mutations might have detrimental consequences for the 
organism, cells posses several DNA repair mechanisms that secure DNA integrity. The DNA mismatch 
repair (MMR) system is responsible for the repair of replication errors which are mainly mismatched 
base pairs. A vast extent of genetic, biochemical and structural studies revealed the basic principles of 
the MMR pathway including its methyl-directed repair in E. coli and dependency on ATP. In addition, 
the molecular players of the MMR system and their functions have been identified. One of the 
involved proteins is MutS which plays an essential role in the MMR pathway by performing two main 
tasks. First, MutS has to locate mismatches among the majority of Watson-Crick base pairs. Then, after 
mismatch binding, MutS has to search for strand discrimination signals to make sure that the newly 
synthesized strand will be repaired and thus the genetic code will be preserved. Although conventional 
ensemble studies could propose models about the way MutS performs these tasks, it was the 
development of single-molecule techniques that greatly improved our understanding about the 
dynamic behaviour of MutS during these processes. In this essay, I will explain the principles of single-
molecule biophysics and highlight the techniques DNA curtains and single-molecule FRET. 
Subsequently, the great value of single-molecule techniques will be reflected by showing the insights 
that they provided into pre- and post-mismatch recognition events of MutS. One of the findings that 
was specifically revealed by single-molecule experiments is that MutS uses 1D rotational diffusion to 
move along the DNA both before and after mismatch recognition. Interestingly, the diffusive 
properties of this type of movement seem to be adapted to the two distinct tasks that MutS has to 
fulfil before and after mismatch recognition. 
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Introduction  
 
A genome contains all the information needed to create a living organism (1). Each cell cycle should 
result in two genetically identical daughter cells which in the case of humans requires the replication 
of more than 3 billion base pairs. Despite the high fidelity of DNA synthesis, mutations arise with a 
frequency of 1∙10-9 per base pair (1). Moreover, the integrity of the genome is challenged by exposure 
of the DNA to endogenous or exogenous agents that have the potential to induce DNA damage. On the 
one hand, genome instability is a requirement for evolution and therefore can be beneficial for the 
survival of a species. However, mutations might change gene expression and thereby influence 
important cellular processes. Eventually this may lead to the development of diseases associated with 
genomic instability such as cancer and contribute to the ageing process of an individual. To ensure 
DNA integrity, cells have evolved several DNA repair mechanisms. Thanks to these mechanisms, only a 
few of the created DNA changes will become permanent mutations. 
 

The Mismatch Repair System 

Maintaining a stable genome depends on both the fidelity of DNA replication and the efficiency of DNA 
repair processes in a cell (2,3). One of the components of DNA repair is the DNA mismatch repair 
(MMR) system which has been highly conserved throughout evolution. The MMR pathway is 
responsible for the correction of mismatches that have been generated during DNA biosynthesis and 
escaped the proofreading activity of DNA polymerase. DNA replication errors include both non-
Watson-Crick base pairs and insertion-deletion loops (IDLs) which contain unpaired bases (4). 
Additionally, the MMR machinery also responds to DNA lesions caused by intracellular or 
environmental triggers such as oxidative stress and thereby plays a role in DNA-damage signaling. 
MMR proteins further promote genetic stability by the reparation of mismatches derived from genetic 
recombination events. 
 The biological significance of the MMR system already is demonstrated by the fact that inactivity of 
this system leads to a 50-1000 fold elevated mutation rate (5). Furthermore, mismatch repair defects 
cause hereditary nonpolyposis colon cancer (HNPCC) (6), contribute to the development of sporadic 
tumors in certain tissues (7) and promote resistance towards cytotoxic agents (4,5). Recently, the 
Nobel prize in Chemistry 2015 was awarded to Paul Modrich, Tomas Lindahl and Aziz Sancar for their 
“Mechanistic studies of DNA repair’’ (8). Modrich was a pioneer in the study of the MMR pathway and 
his work greatly improved our understanding of the molecular mechanisms involved in this pathway. 
 Before Modrich’s work, geneticist studying recombination proposed the existence of a certain 
cellular repair system by observing that mismatches located on double-stranded DNA, i.e. 
heteroduplexes, were repaired in E. coli (9). In 1976, a nowadays widely accepted feature of the MMR 
system was suggested (10). The repair system was found to be directed towards one strand and 
therefore to involve a strand-specific mechanism. The temporary difference in methylation state 
between the newly synthesized DNA strand and the parental strand seemed to provoke the guidance 
of mismatch repair proteins towards the nascent strand. In 1983, Modrich and colleagues confirmed 
the methyl-directed repair of mismatches in E. coli (11). An unmethylated GATC sequence on the 
nascent DNA strand that is distant from the mismatch was shown to allow strand discrimination. 
Furthermore, the development of a mismatch repair assay could demonstrate the ATP-dependency of 
the repair system (12). Also, the proteins MutS, MutH, MutL and MutU were confirmed as important 
molecular players in the MMR pathway which had been suggested previously based on E. coli mutant 
strains (13,14). In subsequent years, the in vitro properties of these Mut proteins were studied and the 
requirement of a single-strand DNA binding protein (SSB), DNA polymerase III, exonuclease I, and DNA 
ligase was established. Modrich was even able to reconstruct DNA mismatch correction in a defined in 
vitro system (15).  
 A vast extent of genetic, biochemical and structural studies could define the functions and the 
sequential actions of the molecular players in the MMR pathway of E. coli (2,5). The initial step in MMR 



4 
 

involves the recognition and binding of a mismatch by MutS (Figure 1). Strand-specificity is primarily 
achieved by binding of MutH to hemimethylated GATC sites on the nascent strand. MutL functions as 
mediator and initially interacts with the mismatch-bound MutS. The MutS-MutL complex is required 
for the ATP-dependent activation of the endonucleases activity of MutH. This enables MutH to create 
a nick adjacent to the GATC sequence of the nascent strand. Subsequently, the MutS-MutL complex 
activates a helicase (MutU) which unwinds and separates the DNA starting from the nick till past the 
mismatch. SSB proteins stabilize single-stranded DNA and the mutant strand is digested by an 
exonuclease leading to removal of the error. As final steps, DNA polymerase III resynthesizes the 
nascent strand and DNA ligase seals the nick.  
 Even though this essay focuses on the prokaryotic MMR pathway, it is worth to mention that the 
biochemistry of the MMR pathway is similar in eukaryotes (2). While multiple MutS and MutL 
homologues have been identified, no known eukaryotic homolog of MutH has been found. Along with 
this, the strand discrimination signals used to direct the eukaryotic MMR system to the newly 
synthesized strand remain uncertain. Strand discontinuities resulting from replication might function in 
the guidance of strand-specific repair in eukaryotes (16). 
 

 
Figure 1. MMR pathway of E. coli. Details of the pathway are described in the text. The triangle in the middle of 
the DNA represents a mismatch. Green arrows illustrate the signaling that occurs between the two DNA sites 
involved in the reaction in which the MutS-MutL complex plays a major role. The type of exonuclease involved in 
the pathway depends on whether MutH incision of the unmethylated strand occurs 5` or 3` to the mismatch. In 
this figure, incision occurs 5` to the mismatch and therefore ExoVIII or RecJ is required as exonuclease for 
hydrolysis of the single-stranded DNA in the 5` to 3` direction. The role of ligase is not shown in this figure. 
Adapted from (5). 
 
 

MutS 

MutS is a core component of the MMR system being responsible for locating mismatches in the DNA 
(2,5). Additionally, together with MutL, MutS plays a role in the communication between the mismatch 
and strand-discrimination signals in order to target the nascent strand for excision.  
 The task of MutS to locate a mismatch can be divided in two steps, namely scanning of the DNA and 
the recognition of a mismatch by MutS. Since a mismatch is surrounded by a large number of Watson-
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Crick base pairs, it is unlikely that a randomly diffusing MutS molecule will find its target by directly 
colliding to it (17,18). Also, many collisions between Muts and the DNA molecule would be needed 
before encountering a mismatch. Indeed, already in the 1970s, it was noticed that DNA-binding 
proteins can bind to their specific targets along the DNA at a rate that exceeds the diffusion limit. DNA-
binding proteins achieve this by ‘facilitated diffusion’, which in general involves initial binding at a 
random DNA site, followed by translocation to the target site by an intramolecular process. There are 
three models describing how a DNA-binding protein actually finds its target site by facilitated diffusion 
(Figure 2). The first model involves one-dimensional (1D) diffusion, in which the protein ‘slides’ along 
the DNA for finding its target sequence. The protein does not dissociate from the DNA and there is an 
equal chance for movement in either direction (Figure 2A). According to the second model, transfer of 
the protein along the DNA occurs by movement trough 3D space. The protein repeatedly dissociates 
and re-associates with the same DNA molecule and depending on the movement size the process is 
called ‘hopping’ (<20 bp) or ‘jumping’ (>20 bp) (Figure 2B). In the third model, ‘intersegmental 
transfer’, the protein forms an intermediate DNA loop in order to move from one site to another  
(Figure 2C). 
 

 
Figure 2. Models for facilitated diffusion. (A) Linear diffusion. (B) Dissociation/re-association. (C) Intersegmental 
transfer. Adapted from (18). 

 
 
Although strategies are available for studying the search mechanism of a DNA-binding protein, often 
problems arise in their ability to clearly distinguish between the different models (17). This is probably 
due to the fact that the strategies involve classical biochemistry experiments which have difficulties in 
providing mechanistic insights. Therefore, the type of facilitated diffusion used by MutS has gotten 
little attention as well as the mechanism involved in recognition of a mismatched base pair by MutS. In 
contrast, many structure-function and biochemical studies have focused on post-recognition events, 
i.e. from the moment MutS is bound to a mismatch. 
 Crystal structures of MutS revealed that MutS binds asymmetrically as homodimer to a DNA 
molecule containing a mismatch (Figure 3) (2,5). Each monomer contains five domains of which 
domain I and IV encircle the DNA forming a clamp-like structure. The mismatched DNA is in a kinked 
conformation and only two residues of MutS make specific interactions with the mismatched bases, 
namely phenylalanine and glutamate of the Phe-X-Glu motif. In addition, biochemical analyses showed 
a greater binding affinity of MutS for mismatched DNA compared to perfectly matched DNA.  
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Figure 3. Structures of bacterial MutS. (A) MutS homodimer consisting of five domains. (B) MutS with kinked 
mismatched DNA (blue) bound (2). 

 
 
MutS contains two ATP-binding sites and its ATPase activity is essential for the MMR pathway. When 
bound to a mismatch, one of the ATP-binding sites contains ADP while the other is not occupied (2,19). 
ATP reduces the binding affinity of MutS for the mismatch and seems to induce a conformational 
change that allows the release of MutS from the mismatch. Although biochemical and structural 
experiments clarified some of the features of ATP binding and hydrolysis, their exact roles in the 
functioning of MutS remained controversial (20). For instance, there are three models concerning the 
search of strand-discrimination signals by MutS in which ATP binding and hydrolysis have different 
roles. Since MutS functions in complex with MutL in order to activate MutH, the actions of MutS that 
are described by the models can be assumed to affect the corresponding MutS-MutL complex. The 
three different models have been extensively reviewed (2,3,5) and briefly can be described as follows: 
(I) the active translocation model, which involves ATP binding and hydrolysis by MutS for directional 
movement along the DNA helix in order to interact with MutH; (II) the molecular-switch model, in 
which the binding rather than hydrolysis of ATP is sufficient to induce a conformational change that 
causes diffusion of MutS along the helix; and (III) the static transactivation model, which proposes that 
MutS remains at the mismatch while ATP binding mediates looping of the flanking DNA in order to find 
strand-discrimination signals. Biochemical and structural experiments did provide evidence in support 
of each model and could not favour one model over the others. 
 
As explained above, traditional biochemical, genetic and structural studies deciphered the basic 
principles of the MMR system including the role of MutS. However, the disadvantage of these studies 
is their ensemble approach and therefore they can only provide an impression of the average 
behaviour of a particular molecule (21). In the last few years, a new approach has appeared that aims 
to study biological systems at the single molecule level. This novel research field has the potential to 
overcome the limits of ensemble level studies. The concerned single-molecule techniques allow direct 
visualization of single particles and thereby can provide more insight into their dynamic nature. 
Moreover, different conformational modes of a molecule can be elucidated in contrast to the average 
and static conformation that is obtained from a crystal structure. This essay will address findings that 
have been provided by single-molecule biophysics concerning the dynamic behaviour of MutS. First, 
the mechanism by which MutS is able to search for mismatches in an efficient manner will be outlined. 
Secondly, it will be discussed how MutS behaves after having a mismatch found, and how it transmits 
this information to other members of the MMR system.  
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Insights from single-molecule biophysics into the behaviour of MutS in MMR 
 
First, the general principles of single-molecule techniques will be described and two techniques that 
provided new insights into the role of MutS in the MMR pathway will be highlighted. Next, findings 
from single-molecule techniques will be outlined concerning the mechanism of MutS as it searches for 
mismatches and subsequently for strand-discrimination signals. 
 

Single-molecule biophysics 

Nowadays, various single-molecule techniques exist that can be applied for different purposes such as 
studying protein-DNA interactions or the conformational changes of a molecule. Single-molecule 
measurements became possible due to advances in microscopy that allowed imaging at molecular 
resolution (21). In addition, new fluorophores with improved properties further encouraged the 
detection of single molecules. An example is the development of quantum dots which are 
fluorophores composed of a semiconducting material (21). Advantages of quantum dots compared to 
classical organic fluorophores are amongst others their increased brightness and photostability. 
 In all single-molecule techniques, an initial necessary step is the separation of molecules from each 
other so that generated signals can be attributed to a single molecule (22). Regarding in vitro 
experiments, this is often accomplished by tethering the molecules (e.g. DNA) at low density to a 
coated microscope coverslip. Attachment of a fluorescent dye or bead to the tethered molecule allows 
that a desired reaction can be monitored by using microscopy. In this way, the dynamic behaviour of a 
single repair protein on a single DNA molecule can be studied for instance.  
 One of the single-molecule techniques that has been used to study interactions between repair 
proteins and DNA is ‘DNA curtains’ (21,23). In this approach, DNA is attached to a lipid bilayer on a 
coverslip (Figure 4A). A buffer flow drags the lipid-tethered DNA molecules until they reach a diffusion 
barrier. This physical barrier is etched into the surface of the coverslip and is oriented perpendicular to 
the flow direction. The lipid molecules cannot cross this barrier and therefore the lipid-tethered DNA 
molecules accumulate at the barrier. At this point, the DNA molecules elongate and align to each other 
so that a molecular DNA curtain is formed. Subsequently, the hundreds of DNA molecules can be 
simultaneously imaged in real time by using total internal reflection fluorescence microscopy (TIRFM). 
In TIRFM, illumination occurs by a thin and highly inclined laser beam which enables solely the 
excitation of fluorophores that are close to the surface of a microscope slide (24). This reduces 
background noise and thus yields a greater signal/noise ratio which allows the microscope to reach 
single-molecule sensitivity. 
 

           
Figure 4. The principle of two single-molecule techniques. (A) DNA curtains: DNA molecules (green) attached to 
a lipid bilayer (grey) align at the diffusion barrier (dark green) due to the application of a hydrodynamic force 
(23). (B) smFRET: The FRET efficiency (E) is a function of the distance (R) between the donor and acceptor 
fluorophore. With an increasing distance, the FRET efficiency decreases (21). 

 

B A 
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Single-molecule Förster Resonance Energy Transfer (smFRET) is another popular single-molecule 
technique for studying protein-DNA interactions (21,22). In smFRET, a donor fluorophore is attached to 
the protein of interest and an acceptor fluorophore to the DNA, or the other way around. Measuring 
the intensities of the individual fluorophores allows calculation of the FRET efficiency, which is an 
indication of the relative distances between the two molecules (Figure 4B). Another option is to attach 
the two fluorophores to two different sites on the same molecule, which enables the analysis of 
conformational changes. Thanks to advances in microscopy, smFRET permits the dynamic temporal 
resolution of individual molecules. This means that changes of single molecules can be followed in 
time, an aspect that is not possible when using ensemble FRET. 
 
 

The dynamic behaviour of MutS during pre-mismatch recognition events  
 

Gorman and colleagues were the first who applied single-molecule techniques in order to investigate 
how MutS searches for mismatches (25). For this purpose, they used the heterodimer Msh2-Msh6 
(MutS homolog) of the eukaryotic MMR system. In addition, their study involved DNA molecules 
without any mismatches so that the observed behaviour of MutS would represent its search 
mechanism and thereby the initial step of the MMR pathway. DNA molecules of 48.5 kb were stained 
with a green fluorescent dye and tethered with both ends to a lipid bilayer on the surface of a 
microfluidic flow cell (Figure 5). Msh2-Msh6 proteins were labelled with quantum dots for visualization 
and together with ADP injected into the flow cell. The movies captured by TIRFM showed that 
individual Msh2-Msh6 proteins slide along the DNA and thus seem to use one-dimensional diffusion as 
search mechanism. The movement of Msh2-Msh6 proteins was studied more thoroughly by using a 
tracking algorithm which yielded plots showing the displacement over time for single proteins. Since a 
Msh2-Msh6 complex can either move back or forward along the DNA at each time point, the mean-
squared-displacement (MSD) was used as a measure of the spatial extent of motion. From the linear 
graph of MSD over time, the slope could be used to calculate the diffusion coefficient for the 
corresponding single protein complex. In total 125 protein complexes were analyzed resulting in a 
mean value of the diffusion coefficient. Comparison with theoretical values of the diffusion coefficient 
led Gorman and colleagues to the suggestion that the 1D diffusion of Msh2-Msh6 along the DNA has a 
rotational component. This means that a diffusing protein complex rotates along the DNA and thereby 
keeps in continuous contact with the DNA backbone. Since experiments in the presence of ADP, ATP or 
no nucleotide yielded the same type of movement, Gorman et al. speculated that the 1D sliding 
mechanism of Msh2-Msh6 does not require ATP. 
 

 
Figure 5. Overview of the experimental design of Gorman et al. DNA molecules were stained (green) and 
tethered via biotin-streptavidin interactions by both ends to a lipid bilayer on the surface of a microfluidic flow 
cell. Msh2-Msh6 proteins were labelled with quantum dots (magenta) and injected into the flow chamber. The 
bulk solution is the buffer solution that is left after rinsing unbound proteins from the flow cell. The evanescent 
field demonstrates the small region that is excited by the incoming laser beam of the TIRF microscope (25). 
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The study of Gorman et al. further supported 1D sliding as search mechanism of Msh2-Msh6 by the 
exclusion of other types of facilitated diffusion. For instance, the influence of various salt conditions on 
the diffusive behaviour of Msh2-Msh6 complexes was tested. Knowledge about the different effects 
depending on whether Msh2-Msh6 uses a hopping or sliding mechanism, allowed to distinguish 
between these two types of motion. In this way, the results obtained by Gorman and colleagues were 
consistent with a sliding mechanism. Moreover, by labelling of Msh2-Msh6 proteins with two 
differently coloured quantum dots, the relative order of quantum dot signals was shown to remain 
similar over time. This suggested that Msh2-Msh6 complexes could not bypass one another on the 
DNA and thus Msh2-Msh6 seemed not to use a hopping mechanism. 
 A couple of years later, Gorman and colleagues analyzed the movement of Msh2-Msh6 on DNA 
molecules (48.5 kb) containing three mismatches (26). The single-molecule approach involved the use 
of single- and double-tethered DNA curtains in combination with TIRFM (Figure 6A). Msh2-Msh6 
proteins were observed to preferentially bind mismatches which was in agreement with the higher 
binding affinity of MutS for mismatches shown by previous biochemical experiments. In addition, 
Msh2-Msh6 proteins seemed to locate mismatches via 1D sliding (Figure 6B) which was consistent 
with the previous work of Gorman and co-workers. By using DNA curtains they also observed randomly 
diffusing Msh2-Msh6 molecules directly colliding with a mismatch on the DNA. These so-called 3D 
collisions seemed to be responsible for the targeting of mismatches in approximately 50% of the cases 
(Figure 6C). Therefore Gorman and colleagues suggested that a combination of 1D sliding and 3D 
diffusion is used for the locating of mismatches by Msh2-Msh6.  
 In addition to the results for eukaryotic MutS, 1D rotational diffusion was also designated as 
mismatch search mechanism for bacterial MutS based on smFRET experiments of Jeong and Cho et al. 
(27,28). In these experiments, the donor fluorophore was attached to MutS while immobilized DNA 
molecules were labelled with an acceptor fluorophore. TIRFM was used to measure fluorescent signals 
of single molecules after which FRET efficiencies resulting from MutS binding events with the DNA 
could be calculated. Analysis of the FRET efficiency distribution and determination of the diffusion 
coefficient of MutS by a similar approach as in Gorman et al. (25), suggested that MutS searches for 
mismatches via 1D diffusion. In addition, computer simulations were performed based on two 
different 1D diffusion models and the results were compared to experimental FRET efficiencies. The 
model that considered diffusion of MutS with rotation along the DNA was supported while the model 
without rotation did not correlate with the experimental data. Thereby, the data of Jeong et al. 
pointed towards 1D rotational diffusion as search mechanism of bacterial MutS which is in agreement 
with the mechanism found for eukaryotic MutS. 



10 
 

 
Figure 6. Target search mechanisms of eukaryotic Msh2-Msh6. (A) Overview of the experimental design of 
Gorman et al.: double-tethered DNA curtains. DNA molecules containing a mismatch (red star) were anchored  
by one end to the lipid bilayer (left), aligned at the barrier, and anchored at the other end by a digoxigenin-
antibody linkage (right). Two possibilities of mismatch targeting by Msh2-Msh6 are illustrated on the top: 1D 
sliding and 3D collision. (B) Experimental data indicating mismatch targeting by Msh2-Msh6 via 1D sliding. Msh2-
Msh6 is coloured in magenta, the DNA is not labelled but the position of the mismatch (‘MM’) is indicated with a 
green line. The panels show the DNA molecule in its length on the Y axis and the time on the X axis. Since the 
brightest magenta spots represent Msh2-Msh6, the position of single proteins on the DNA could be tracked over 
time. The lower panels are a close-up of the start of the trajectory of Msh2-Msh6 along the DNA. Based on the 
three panels, it seems that Msh2-Msh6 performs a 1D movement along the DNA within the time period of 2-6 
seconds (as illustrated in 6A). Around 6 seconds, Msh2-Msh6 has encountered the mismatch after which it 
remains at this position on the DNA over time. (C) Experimental data indicating mismatch targeting by Msh2-
Msh6 via 3D diffusion. The panels are organized as described in (B). Around 4 seconds, the panels suggest that 
Msh2-Msh6 binds the mismatch on the DNA due to a collision between a diffusing Msh2-Msh6 molecule and the 
fixed DNA (as illustrated in 6A). Thereafter, Msh2-Msh6 stays at this position for the remaining time (26). 
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The dynamic behaviour of MutS during post-mismatch recognition events 

 
After mismatch binding, MutS, while in complex with MutL, has to search for strand-discrimination 
signals to ensure repair of the nascent DNA strand. Therefore, the MutS-MutL complex has to 
communicate with MutH that is bound to a hemimethylated GATC site on the nascent strand. As 
mentioned in the introduction, the mechanism of MutS responsible for this process could not be 
elucidated by traditional bulk experiments. Therefore, the post-mismatch recognition events of MutS 
are a prime topic in which single-molecule biophysics could specifically provide more insight.  
 
 

ATP binding triggers mismatch release 

As suggested by structural and biochemical analysis, ATP might be involved in the release of MutS 
from the mismatch. In this way, the MutS-MutL complex might reach MutH in order to accomplish a 
complete MMR reaction that is directed to the nascent DNA strand. To verify this hypothesis, the role 
of ATP binding and hydrolysis in the behaviour of mismatch-bound MutS required further analysis. By 
using single-molecule techniques, the studies of Gorman et al. and Jeong et al. both investigated this 
topic (26,27).  
 The experimental setting in the study of Gorman et al. concerned the use of DNA curtains as shown 
in Figure 6A (26). Msh2-Msh6 proteins were allowed to bind to mismatches and subsequently their 
response upon ATP injection was analyzed. TIRFM movies demonstrated that most proteins displaced 
from the mismatch upon ATP addition. In addition, the same dynamic behaviour was observed after 
the injection of the nonhydrolyzable ATPγS. Therefore, ATP binding rather than hydrolysis seemed to 
be involved in the release of Msh2-Msh6 from the mismatch.  
 The smFRET study of Jeong et al. as well provided evidence for ATP-triggered mismatch release of 
bacterial MutS (27). The experiment involved immobilized DNA containing a mismatch and an acceptor 
fluorophore that were separated by seven base pairs. The donor fluorophore was again attached to 
MutS. Without ATP, MutS proteins seemed to locate at or near the mismatch due to the observed high 
FRET efficiency that remained for about 35 seconds. However, in the presence of ATP or ATPγS, two 
different FRET states appeared within this time period (Figure 7). First, a state with a high FRET 
efficiency occurred that was similar to the high FRET efficiency in the ATP-deficient experiment. 
Therefore, this high FRET state seemed to be related to binding of MutS to the mismatch and seemed 
to remain for about 3 seconds. At approximately 8 seconds, an intermediate FRET state appeared. This 
FRET state was suggested to result from 1D diffusion by Muts, since a similar FRET efficiency was found 
for diffusion along the DNA during mismatch searching by MutS. Jeong et al. concluded that the 
transition between the two FRET states is caused by the presence of ATP or ATPγS. Therefore, ATP 
binding seemed to trigger the release of MutS from the mismatch. In addition, a negative correlation 
between the dwell time of the high FRET state and the concentration of ATP or ATPγS was found, 
which strengthens this conclusion. Thus, the findings of the study of Jeong et al. were consistent with 
those of Gorman et al. In each study, binding of ATP seemed to induce 1D sliding by bacterial or 
eukaryotic MutS and thereby its release from the mismatch. These findings support the molecular-
switch model as search mechanism of MutS for finding strand-discrimination signals. 
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Figure 7. ATP binding triggers 1D diffusion of mismatch-bound MutS. The graph on the left demonstrates the 
fluorescence intensity of the donor and acceptor fluorophore as well as the FRET value over time. A high FRET 
state occurs around the time period of 5-8 seconds, and is followed by an intermediate FRET state. The 
schematic illustration on the right shows the response of MutS upon the presence of ATP or ATPγS. One end of 
the DNA molecule is linked via a biotin–streptavidin linker to a quartz surface while the other end is blocked by 
anti-digoxigenin (27). 

 
 

MutS displays a distinct behaviour after ATP-triggered release from a mismatch 

A subsequent question concerned whether the ATP-bound MutS that has left the mismatch behaves 
differently than the MutS that scans the DNA before mismatch recognition. Gorman and colleagues 
hypothesized that MutS should be functionally distinct after mismatch release in order to prevent 
repetitive cycles of mismatch binding and release without recruiting the rest of the MMR machinery 
(26). To test this, the efficiency of mismatch recognition before and after mismatch recognition was 
analyzed for eukaryotic MutS. After ATP-triggered release, Msh2-Msh6 molecules often bypassed 
mismatches while before recognition MutS halted upon mismatch encountering in 97% of the 
observed cases. Therefore, it indeed seems that MutS no longer recognizes mismatches as targets 
after ATP-triggered release. 
 Another aspect of interest for single-molecule analysis involved the diffusive properties of MutS 
before and after mismatch recognition. As indicated previously, both the DNA curtains and smFRET 
technique allow to calculate diffusion coefficients since the displacement of single molecules can be 
tracked over time. Thereby, Gorman and colleagues attained a diffusion coefficient of 0.057 µm2/s of 
Msh2-Msh6 after ATP-triggered mismatch release (26). This was about a 6-fold increase compared to 
before mismatch recognition and hence suggests that MutS diffuses more rapidly after mismatch 
recognition. Since the diffusion coefficient after mismatch release exceeded the theoretical threshold 
for 1D diffusion with rotation (0.024 µm2/s), Gorman et al. argued that the rapid 1D sliding of Msh2-
Msh6 after mismatch recognition does not involve rotation anymore. The smFRET study of Cho et al. 
found a diffusion coefficient of 0.058 µm2/s of bacterial MutS after mismatch release which is similar 
to the value determined by Gorman et al. (28). Cho and colleagues as well observed a faster diffusion 
of MutS after mismatch release, but this was only a 3-fold increase in their case. Subsequently, they 
investigated the diffusive behaviour of MutS more thoroughly in order to clarify the differences of 
MutS before and after mismatch recognition. For example, it was analyzed if different salt 
concentrations in the flow chamber affected the diffusion coefficient of MutS. In this experiment, the 
diffusion of MutS before mismatch recognition was found not to depend on ionic strength (Figure 8). 
This was in agreement with the previously observed continuous contact of MutS with the DNA 
backbone during 1D sliding. However, the diffusion of ATP-bound MutS that released the mismatch 
turned out to depend on the salt concentration. The sensitivity of diffusion to the ionic strength 
seemed to be the result of a 1D diffusion mechanism in which MutS maintains less contact with the 
DNA. In that case, more interactions occur between MutS and ions compared to when MutS is more 
closely associated with the DNA. As a consequence, its diffusion will be sensitive to variable salt 
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concentrations. Additional experiments further strengthened the idea that MutS is in discontinuous 
contact with the DNA after mismatch release. This indicated that ATP-bound MutS indeed rotates 
more freely around the DNA in comparison to the searching MutS that keeps a closer contact with the 
DNA backbone.  
  

 
Figure 8. The effect of various salt concentrations on the diffusion coefficient of MutS. The ionic strength does 
not influence the diffusion of MutS when it is searching for mismatches (blue). The diffusion coefficient remains 
0.032 ± 0.001 μm2/s. Diffusion of ATP-bound MutS (red) is affected by the salt concentration with an increasing 
diffusion coefficient upon an increased salt concentration (28).  
 
 
In addition to influencing diffusion dynamics, ATP binding as well was shown to affect the stability of 
MutS complexes on the DNA. Jeong et al. used time-lapse smFRET in order to determine the dwell 
time of bacterial MutS on the DNA before and after mismatch recognition (27). MutS molecules 
searching for mismatches were found to be short-lived, since they scanned approximately 700 base 
pairs in about 1 second and then released the DNA again. In contrast, ATP-bound MutS seemed to 
remain sliding for about 10 minutes on the DNA. Therefore, ATP binding was suggested to induce the 
formation of a MutS sliding clamp with a highly increased stability. 
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Conclusion & Discussion 
 
The main task of the DNA mismatch repair (MMR) system is to repair replication errors and thereby 
the MMR system is essential to guarantee genome integrity. The biological significance of the MMR 
system is demonstrated by the fact that defects in this process can cause severe health problems for 
an organism. This is the key reason why the MMR pathway has been extensively studied in the past 40 
years. In the early years, general features of the MMR pathway were elucidated such as its methyl-
directed repair in E. coli and the requirement of ATP. Moreover, the involved molecular players and 
their roles in the MMR pathway were identified. In this essay, I focussed on the function of MutS which 
is of importance for the initial steps of the MMR pathway. MutS has to scan the DNA for mismatches 
and has to recognize a mismatch in order to bind it. While in complex with MutL, a subsequent task of 
MutS is to provide communication between the mismatch and strand discrimination signals. This task 
is of great importance for targeting the newly synthesized strand for excision and subsequent 
resynthesis so that the native genetic code will be preserved. Thanks to genetic, biochemical and 
structural studies, we have gained understanding about the important tasks of MutS in the MMR 
pathway. Also, several models could be proposed concerning the way MutS searches for mismatches 
and strand-discrimination signals. However, it was the development of single-molecule techniques that 
allowed a deeper understanding of the dynamic behaviour of MutS during these processes. In contrast 
to conventional ensemble studies, the strength of single-molecule techniques is their ability to 
visualize the events of individual molecules over time. Therefore, they can reveal heterogeneity 
between molecules and provide information about the kinetics of events between molecules. 
 
The idea that DNA-binding proteins can more easily find their target sequence by facilitated diffusion 
was already accepted decades ago. Associated with the advances to detect single molecules, the 
mechanism used by MutS for locating mismatches could be resolved out of the three different models. 
Based on four studies described in this essay, both bacterial and eukaryotic MutS seem to move along 
the DNA via one-dimensional rotational diffusion in order to find mismatches (25–28). Thereby, the 
alternative models that propose a hopping mechanism or looping of the DNA can be excluded. This 
conclusion is based on two different single-molecule techniques, namely DNA curtains and smFRET. In 
addition, the 1D sliding mechanism of MutS while rotating along the DNA helix was observed for both 
undamaged and mismatch-containing DNA. Moreover, the search mechanism of MutS was found to be 
ATP-independent and therefore seems to be driven by thermal energy from the environment. Gorman 
and colleagues addressed that 3D collisions also were responsible for targeting of mismatches by MutS 
in approximately 50% of the cases (26). However, the DNA substrate in their experiment contained 1 
mismatch per ~16.000 base pairs which is about a 60.000-fold more frequent compared to the natural 
error rate of replication. Therefore, 1D rotational sliding will likely be the primary mechanism used by 
MutS in order to search for mismatches in vivo. 
 With regard to pre-mismatch recognition events, an interesting observation from single-molecule 
studies is that MutS not infinitely keeps scanning the DNA until it has found a mismatch. In fact, MutS 
seems to scan 700 base pairs in 1 second after which it dissociates from the DNA again (27). This 
finding raises the following question: what is the underlying mechanism that terminates the scanning 
sessions of MutS? This question seems not to have been investigated by single-molecule studies yet. 
However, one might imagine that ATP binding and/or hydrolysis might have a role in this process, since 
one ATP-binding pocket of MutS is unoccupied when it is in complex with DNA (2,19).  
  
Concerning the search for strand-discrimination signals by MutS (in complex with MutL), smFRET and 
DNA curtain experiments could clarify the role of ATP in this process. Both the study of Jeong et al. and 
Gorman et al. showed that ATP triggers the release of bacterial and eukaryotic MutS from the 
mismatch (26,27). This is in agreement with previous structure-function studies demonstrating that a 
MutS dimer in complex with mismatched-DNA has solely one ADP bound. Also, it confirms the idea 
that ATP reduces the binding affinity of MutS for a mismatch which had been suggested previously by 
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conventional ensemble studies. A more prominent insight from single-molecule experiments is that 
ATP binding is sufficient to induce a conformational change that causes MutS to leave the mismatch. 
Since hydrolysis of ATP is not required in this process, these results support the molecular-switch 
model as search mechanism of MutS for finding strand-discrimination signals. Moreover, ATP binding 
caused the majority of MutS molecules to release the mismatch via 1D sliding along the DNA rather 
than directly dissociating from the DNA. Although not evidenced by the single-molecule studies, 1D 
sliding of ATP-bound MutS can be speculated to lead to an encounter between the MutS-MutL 
complex and MutH which is necessary for a complete MMR reaction directed to the nascent strand. 
Future smFRET studies might investigate this by including MutH that is labelled with another acceptor 
fluorophore in an experiment similar as performed by Jeong et al. (Figure 6). If MutS carries the donor 
fluorophore, an increase in FRET efficiency will be expected to occur after ATP-triggered mismatch 
release which corresponds to MutS approaching MutH. 
 Single-molecule experiments were also specifically applied in order to examine the characteristics 
of MutS before and after mismatch recognition. An interesting change in the behaviour of MutS that 
was found is its reduced mismatch recognition efficiency after ATP-triggered release from a mismatch 
(26). This is an essential change, since it prevents reiterative mismatch binding by MutS and instead 
enables MutS to activate other components of the MMR system. Furthermore, single-molecule 
experiments allowed to find differences in the diffusive properties of the 1D sliding mechanism that is 
used by MutS before and after mismatch recognition. After mismatch release, both eukaryotic and 
bacterial MutS diffuse faster along the DNA while having less contact with the DNA backbone during 
rotation (26,28). The more free rotation of MutS might serve to increase the possibility of interactions 
with other proteins involved in the MMR pathway. In addition to moving faster along the DNA, MutS 
was shown to display an increased stability after mismatch release (27). The increased lifetime of MutS 
in combination with a more free movement and its deficiency to recognize mismatches, can further 
support signalling processes required for complete DNA reparation. Examples are the interactions of 
the MutS-MutL complex with MutH and helicase in order to activate these downstream proteins of the 
MMR pathway. Strikingly, the ~10 minutes lifetime of ATP-bound MutS was suggested to be equivalent 
to the time of a complete MMR reaction (27). For that reason, MutS seems to have a signalling 
function that pursues during the entire MMR reaction. However, this suggestion should be taken with 
caution since the considered reaction time was the time applied in defined in vitro MMR systems (15). 
It seems plausible that a complete MMR reaction inside a cell might require more time due to the 
crowded environment. Moreover, the lifetime of MutS was as well determined via an in vitro single-
molecule experiment in which the conditions were different from the intracellular environment. 
Therefore, future experiments should clarify both the lifetime of ATP-bound MutS and the time of a 
MMR reaction in vivo to allow a better understanding about the importance of MutS signaling in the 
complete reaction. 
 
With regard to each single-molecule study mentioned in this essay, it should be taken into account 
that all of them used in vitro experiments. Therefore, they did not met the conditions inside living cells 
which makes it unsure if the findings really hold true. Even though the crowded cellular environment is 
lacking, the ability of single-molecule techniques to directly visualize interactions between individual 
molecules greatly affirms their reliability. For that reason, these studies did provide a good 
approximation of how the dynamic behaviour of MutS might contribute to mismatch repair in vivo. By 
the use of in vivo single-molecule techniques, future work will likely validate the results of the in vitro 
experiments. 
 Another issue to consider it that the single-molecule experiments highlighted in this study solely 
assessed the interaction between MutS and the DNA. Therefore, the observed behaviour of MutS 
during post-recognition events cannot directly be implied to act on the MutS-MutL complex. 
Nevertheless, the study of Gorman et al. suggests that the eukaryotic MutS-MutL complex 
demonstrates similar responses as MutS alone (26). MutL was for instance shown to colocalize with 
mismatch-bound MutS and the MutS-MutL complex released from the mismatch upon binding of ATP. 
Although further details about the behaviour of the MutS-MutL complex lie beyond the scope of this 
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essay, it seems that the post-recognition events of MutS can be assumed to affect the whole MutS-
MutL complex. 
 
To conclude, this essay highlighted recent insights into the dynamic behaviour of MutS which were 
specifically provided by the application of single-molecule techniques. A first major finding is that MutS 
uses 1D rotational diffusion as mechanism in order to find mismatches among the majority of 
undamaged base pairs. This type of facilitated diffusion is a considerable more efficient search strategy 
compared to when a randomly diffusing MutS molecule would have to directly collide to its target. 
During 1D rotational diffusion, MutS keeps in continuous contact with the DNA and thereby tracks the 
double helical structure of the DNA. This enables MutS to scan each subsequent base pair it 
encounters during its movement. In case MutS does not encounter a mismatch, it will dissociate from 
the DNA, diffuse into the cellular environment and upon collision with DNA start the next scan session. 
If MutS does encounter a mismatch, a provoked conformational change will allow its binding to the 
mismatched DNA. This conformation will as well lead to the formation of a complex with MutL. The 
subsequent step that is required involves the search for strand-discrimination signals to ensure repair 
of the nascent DNA strand. Regarding bacteria, the MutS-MutL complex has to communicate with 
MutH that is bound to a hemimethylated GATC site on the nascent strand. As shown in this essay, 
single-molecule experiments pointed towards the molecular-switch model as the responsible 
mechanism used by MutS in this process. The binding of ATP induces a conformational change in MutS 
that likely triggers the release of the complete MutS-MutL complex from the mismatch. Single-
molecule studies as well showed the altered diffusive properties of MutS after release from the 
mismatch. The ATP-bound MutS diffuses faster and more freely rotates around the DNA. This seems a 
beneficial dynamic change in order to quickly find MutH without the need to scan each base pair. Also, 
the free rotation and the increased stability of ATP-bound MutS allow for interaction with downstream 
MMR repair proteins. Thereby, the MutS-MutL complex can activate a helicase and the subsequent 
action of SSB proteins, an exonuclease, DNA polymerase III and DNA ligase, will finally lead to the 
correction of the DNA strand that contained the error. 
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