
PROPOSITIONS 
 
1. MutS binds to all mismatches using a common recognition mode. The 
kinking of the DNA is an important requirement for mismatch recognition. 
-This thesis 
 
2. Magnensium is an important cofactor which is required for ADP-ATP 
exchange in MutS. Addition or removal of magnesium causes substantial 
conformational changes to the structure of the protein. 
-This thesis 
 
3. During the ATPase cycle of MutS, there are stages when the protein may 
have to release the magnesium. The protein, therefore, is able to regulate 
magnesium binding by itself. 
-This thesis 
 
4. A single hydrogen bond between Glu 38 and the mismatch is important 
for a signalling process that occurs over a distance of ~ 80Å, to be 
completed successfully. 
-This thesis 
  
5. Small and seemingly unimportant molecules like ATP and GTP make 
their presence felt by bringing about huge conformational changes in 
massive proteins, and regulate entire biochemical pathways as a result: 
Small is beautiful and powerful. The ice age killed the dinosaurs, not the 
cockroaches. 
 
6. The model in which MutS hydrolyses ATP to slide on DNA has been 
comprehensively disproved, but the people who proposed it should not 
retract their papers as it is important for even wrong models to exist in 
literature. It makes paper writing that much more fun. 
 
7. People who stop to enjoy the view on their way up the career ladder are 
more likely to know the implications of their position, than the ones who 
focus their attentions solely on the ladder and on how to climb it. 
 
8. A smart PhD student is one who can contribute more to a research 
supervisor’s lab than what he/she gains from it. 
A smart research supervisor is one who can find such a student. 
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9. Most of the world’s miseries can be attributed to just one thing: human 
arrogance. 
 
10. One reason for scientific salaries being so low is the claim by many 
scientists that they are passionate about their research. Getting highly paid 
for being passionate about something just has a very bad ring to it. 
 
11. I am much more in agreement with the toothpaste industry’s view on 
scientists, who it portrays as white coated professionals who talk about 
dental plaque, than the entertainment industry’s, which brings out Nutty 
Professors, Absent Minded Professors and Dr.Dolittles with regularity. 
 
 
Propositions towards the partial fulfilment of the thesis titled ‘MutS; 
Recognition of DNA mismatches and initiation of repair’, by Ganesh 
Natrajan, Erasmus University, Rotterdam, 2006. 
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Changes to DNA base pairing 
 
The accurate replication of DNA during cell division is an important 
prerequisite for the continuation of life. Ever since the crystal structure of 
DNA revealed the highly specific pairing scheme (1) of the bases, it became 
obvious that this held the key to the accurate replication of DNA. Changes 
to these base pairs result in mutations and all organisms possess repair 
mechanisms to prevent these and protect the integrity of their genomes. 
Changes to base pairs can come about due to covalent modifications like 
alkylation, methylation and oxidation. The most common cause of point 
mutations in humans is the spontaneous additions of a methyl group to a 
cytosine, followed by deamination to a thymidine.  Changes to base pairing 
also occur by incorporation of wrong bases by DNA polymerases during 
DNA synthesis, resulting in mismatches. In addition to incorporating of 
wrong bases, polymerases can also slip during synthesis, resulting in 
unpaired bases or Insertion deletion loops (IDLs). While replicative 
polymerases have proofreading mechanisms which detect such errors on 
time, some errors escape this. DNA mismatch repair mechanisms detect 
and repair such errors and by doing so, reduce mutation rates by a 100 to 
1000 fold. The importance of DNA mismatch repair is made obvious by the 
fact that its essential attributes are conserved in all organisms, from 
bacteria to humans. 
 
DNA mismatch repair in Escherichia coli  
 
Our primary focus has been to understand the molecular mechanism of 
DNA mismatch repair in Escherichia coli as a paradigm for understanding 
the working of the human mismatch repair pathway. The essential 
elements of DNA mismatch repair in E. coli, yeast and humans have been 
widely studied and very well understood (reviewed in (2-4)).   
Many aspects of mismatch repair are similar in all organisms, ranging from 
bacteria to humans (5). In E. coli (6), the mismatch or the insertion-
deletion loop (IDL) created by the polymerase is bound by MutS (Fig 1). In 
E. coli, the accepted functional form of MutS is the dimer. The MutS dimer 
(Fig 2) can be divided into two functional regions. These are the mismatch 
binding region and the ATPase region. The mismatch is bound by the 
mismatch binding regions, using the mismatch binding and the clamp 
domains. In an in-vivo experiment (7), MutS-GFP was seen to co-localize 
with chromosomes and form foci in some cells, which dramatically 
increased when mismatch formation was induced by 2-aminopurine. 
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Figure 1. Schematic view of DNA mismatch repair in Escherichia 
coli. 
 
Following mismatch binding, MutS exchanges the pre-bound ADP in its 
ATPase domain for ATP, upon which it attains its ATP state. In this state, it 
forms a complex with another protein, MutL (8), which has been seen to 
associate with MutS foci in-vivo (7). 
MutL in E. coli, is a homodimer in structure (9). It consists of an N-terminal 
nucleotide binding domain, which is conserved in the MutL family of 
proteins, and a C-terminal dimerization domain which is conserved only in 
prokaryotes. These two domains are linked by an unstructured region of 
~80 residues, the function of which remains unknown. However, the 
observation that this region can tolerate substitutions or deletions to one-
thirds of its sequence suggests (10) that its composition itself is not 
important for the function of the protein. Full length MutL possesses a very 
weak ATPase activity, and belongs to the family of GHL atpases (11). The 
truncated N-terminal domain, which is a monomer by itself, has a greatly 
reduced ATPase activity compared to the full length protein (11), 
suggesting that the dimerization is important for this activity.  
The formation of the MutS-MutL complex leads to the search for the signal 
that discriminates the parent from the daughter strand. In gram negative 
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E. coli, this signal is the transiently unmethylated d(GATC) site on the 
daughter strand (6), which may be up to a 1000 base pairs away from the 
actual mismatch (Fig 1). The MutS-MutL complex then recruits another 
enzyme called MutH, which cleaves the daughter strand at this point. MutH 
is an endonuclease, which specifically targets hemimethylated DNA 
substrates. It has sequence homology with Sau3A1 and is structurally 
similar to the PvuII restriction endonucleases. The crystal structure of MutH 
(12) has revealed that its active site is located in the middle of two pivoted 
domains and the movements of these two correlate with that of a C-
terminal helix. It has been proposed that this helix is the molecular lever 
through which the enzyme could communicate with MutS-MutL. More 
recent crystal structures of MutH in complex with unmethylated and 
hemimethylated DNA substrates (13) have revealed that the active site is 
more compact around the hemimethylated DNA substrate than around the 
unmethylated one, resulting in more efficient cleavage of the former. An 
important lysine, widely conserved in many restriction endonucleases is 
involved in DNA binding, and is proposed to be a lynchpin, involved in 
substrate recognition.  
Following this cleavage of the DNA at the hemimethylated site by MutH, 
the entire length of the daughter strand from the cleavage to the 
mismatch, has to be unwound prior to removal. UvrD or DNA helicase II, 
involved in this process, has been shown to associate with every domain of 
MutL (10,14). After the DNA is unwound, it is removed by excision. The 
exonucleases ExoI, ExoVII, ExoX or ExoVII, RecJ are recruited for this, 
depending on whether the d(GATC) cleavage is on the 5’ or on the 3’ side 
of the mismatch (15), either direction requiring the cooperative action of 
DNA helicase II. Interestingly, in-vivo studies reveal that the deficiency of 
these exonucleases does not result in a mutator phenotype in bacteria 
(16,17). The quadruple mutant deficient in the four exonucleases RecJ, 
ExoI, ExoVII, ExoX, and the triple mutant deficient in RecJ, ExoVII, ExoI, 
grow poorly in the presence of 2-aminopurine and show filament 
formation, indicating SOS DNA damage response (17). However, null 
mutations in MutS, MutL and MutH suppress this phenotype suggesting 
that the low mutability of the exonuclease deficient strains may be 
attributed not to the redundancy of these exonucleases, but to the non-
recovery of mutations or the reduction in viability and/or chromosome loss 
attributed to the activation of mismatch repair in the absence of these 
exonucleases (17). The action of these exonucleases during DNA mismatch 
repair leads to the removal of the entire daughter strand from the cleavage 
to the mismatch and its resynthesis by the action of DNA polIII, Single 
Stranded DNA binding protein (SSB) and DNA ligase, thereby leading to the 
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repair of the mismatch.  
 
DNA mismatch repair in eukaryotes 
 
DNA mismatch repair in eukaryotes is very similar to the bacterial process, 
despite the fact that the genomes are much larger and more complex 
(18,19). The role of MutS is played by two distinct multi-protein complexes, 
MSH2-MSH6 and MSH2-MSH3, known more commonly as MutSα and 
MutSβ respectively (20). While MutSα binds to mismatches and shorter 
unpaired base loops, MutSβ binds to unpaired
loops of all lengths. There is, therefore, a redundancy between these in the 
repair of shorter loops (21).  

 
Figure 2. Front view of the MutS-mismatched DNA complex. 
Monomer A, which binds to the DNA mismatch and has an ADP-Mg 
bound to its ATPase domain, is on the right.  
 
The role of MutL is played by its eukaryotic homolog, the complexes MLH1-
PMS1 in yeast and MLH1-PMS2 in humans. It is not known what the strand 
discrimination signal in eukaryotic DNA is, given that there are no 
methylated d(GATC) sites in eukaryotic genomes. Due to this, there is also 
no known MutH homolog. There is also no known homolog for Helicase II 
in eukaryotes. The excision is done by ExoI, a 5’-3’ exonuclease. The first 
evidence of the role of this exonuclease came from studies on the yeast 
Schizosaccharomyces pombe (22), where it was revealed that the lack of 
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this protein resulted in a mild mutator phenotype. In humans, this protein 
has been shown to interact with all the other proteins in the mismatch 
repair pathway (23), and is therefore, important.   
The resynthesis, following the excision, is done by DNA Pol δ, assisted by 
RPA and DNA ligase. PCNA too has been proposed to play several roles in 
mismatch repair. It has been known to interact with all the proteins 
involved in the initiation of mismatch repair (24,25), with some of the 
interactions being ATP dependent (26). Amongst other things, PCNA has 
also been proposed to increase the mismatch specificity of MSH2-MSH6, 
and associate with components of the replication fork, delivering the 
mismatch repair proteins to newly synthesized DNA mismatches (Reviewed 
in (3)). 
 
DNA mismatch repair and cancer 
 
It is understandable that defects in any pathway that maintains genomic 
fidelity will lead to undesirable consequences. Defects in mismatch repair 
genes lead to accumulation of spontaneous mutations over successive 
generations. So in bacteria, the result is always a mutator phenotype (27-
29). In addition to preventing mutations, mismatch repair pathways also 
prevent recombination between similar but diverging sequences, and 
defects in mismatch repair pathways have been known to disrupt the 
barrier between interspecies recombination in bacteria (30,31).  
In humans, defects in the mismatch repair pathway can have serious 
consequences. Heterozygous mutations in mismatch repair proteins lead to 
cancer predisposition called HNPCC or Hereditary Non Polyposis Colorectal 
Cancer (32-34). These mutations occur mostly in MSH2 and MLH1, and to 
a smaller extent in the MSH6 gene (35). In addition, an important 
causative agent of spontaneous tumours is the promoter hypermethylation 
of the MLH1 gene (36). HNPCC tumours are characterized by instabilities in 
short DNA repeat sequences due to reduced repair of polymerase slippage 
errors (37,38) called microsatellite instabilities (MSI or MIN). A 100-1000 
fold increase in the mutation frequency is seen in cells (39), owing to the 
reduction in the efficiency of mismatch repair. Studies have shown that 
pathogenic mutations in mismatch repair proteins found in patients do 
affect the biochemical functions of mismatch repair proteins (40,41) and 
can therefore, affect their ability to carry out repair. It is also generally 
accepted that the phenotype brought about by these mutations is 
responsible for cancer predisposition and it has also been shown that 
colorectal adenomas develop into malignant carcinomas faster in HNPCC 
patients than in normal patients (42). However, the actual link between 
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defects in mismatch repair genes and tissue specific cancer in humans 
remains unclear. Studies in mice (43) have shown that while MSH2 
deficiency causes a strong cancer predisposition, MSH6 deficiency led to 
lymphomas or epithelial tumours in the skin and uterus, but not in the 
intestines. MSH3 deficiency did not cause cancer predisposition but, in an 
MSH6 deficient background, led to intestinal tumours. Finally, mismatch 
repair genes are also known to play a role in activating cell cycle 
checkpoints and in the induction of apoptosis as a response to 
accumulating DNA damage. DNA mismatch repair deficiency in cells has 
been known to bring about resistance to chemotherapeutic and DNA 
modifying drugs like cisplatin (44), thereby reducing apoptosis by them.  
 
Aims and focus of this thesis 
 
The main aim of this thesis has been to understand mismatch recognition 
by MutS from a structural standpoint, and the relationship between this 
and the ATPase activity of the protein. This work carried out towards this 
end can be divided mainly into three parts.  
 

1. Analysis of mismatch binding by MutS. 
2. Analysis of the structure of the ATPase domains, including the 

analysis of domain movements caused by nucleotide binding, and 
the MutS ATPase cycle. 

3. Analysis of the signalling between mismatch binding and ATPase 
domains. 

 
Mismatch binding by MutS. 
 
Two crystal structures of MutS, those of E. coli and Thermus aquaticus, 
revealed, for the first time, the nature of the MutS-DNA interaction (45,46) 
(Fig 2). The most striking feature is the structure of the DNA, which is 
sharply kinked by 60°. Since DNAs with mismatches are not ordinarily 
kinked in such a way (47-50), this could only be induced by the binding of 
the protein (Fig 3). Such distortions of the DNA are frequently seen in 
structures of DNA-protein complexes involved in repair (51-54) and are 
often necessary for the protein residues to gain access to the bases in the 
DNA helix. MutS is a structural heterodimer comprising of two monomers, 
A and B, of which only monomer A binds to the mismatch. 
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Figure 3. Figure showing the kinked DNA held between the 
mismatch binding (bottom right) and clamp domains (top left) of 
both monomers 
 
Aspecific backbone contacts to the DNA are made by the mismatch binding 
and the clamp domains of both monomers. The kinking of the DNA and the 
bringing together of the mismatch binding and clamp domains, achieves a 
stable binding conformation. The actual mismatch is bound using a 
phenylalanine F36 (E. coli) in the mismatch binding domain of monomer A, 
which is seen stacking onto one of the mismatched bases. A nitrogen on 
the same base is involved in the formation of a hydrogen bond to another 
widely conserved residue, the glutamate E38 (Fig 4) of the same monomer 
A. The phenlylalanine F36 is absolutely vital for mismatch repair as 
mutating it into an alanine eliminates DNA binding and mismatch repair 
entirely (55,56). Since mutating this residue eliminates even homoduplex 
binding, MutS could be imagined as a type of DNA scanner, which scans 
the DNA with the help of the F36, trying to find a mismatch and kink the 
DNA (57). It is probably helped by inherent instabilities in DNA caused by 
the presence of mismatches (58,59). The glutamate E38 plays a role in 
stabilizing mismatch binding, bringing about discrimination between 
homoduplex and heteroduplex DNA, as well as helping in signalling 
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between the mismatch binding and ATPase domains for the formation of 
the ATP state. It shall be discussed subsequently. 
The mechanism by which DNA damages, once found, are stacked upon by 
aromatic residues and stabilized by hydrogen bonding to residues is found 
in other DNA repair enzymes. In the MutY and MutM DNA glycosylases 
which remove 8-oxo-guanine from DNA (60,61), a tyrosine stacks upon the 
flipped out 8-oxo-guanine, and the extrahelical base is stabilized by 
hydrogen bonds to surrounding residues. In the human 8-oxo-guanine 
targeting enzyme hOGG1 (62), similar interactions ensure that only the 
substrate 8-oxo-guanine gets inserted into the active site, while normal 
guanines are excluded. While in the MutS structures, the base stacked  

Figure 4. Structure of a G.T mismatch (left) and an A.A mismatch 
(right) bound to MutS 
 
upon by F36 is not extra helical, it does show a considerable change in 
orientation compared to the one in which it exists when there is no protein 
bound to the mismatch. The structures of MutS in complex with four 
different mismatches reported in chapter 2 of this thesis show the same 
trend of the F36 stacking onto one of the mismatched bases, and the same 
base being moved away from its position (63) in the absence of the 
protein. It does seem that the protein does this so as
to expose a hydrogen bond accepting nitrogen to the E38. Further, the 
DNAs in the various structures show slight differences in the conformation, 
yet maintaining all the contacts with the protein, which in turn is quite 
invariant between the structures. Even in the crystal structure of MutS in 
another space group with a different crystal packing (discussed in Chapter 
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3), the interactions with DNA are preserved. Therefore, it can be said that 
MutS uses a common mismatch binding mode to bind different 
mismatches, the fundamental requirements being the kinking of the DNA, 
stacking of the F36 and the re-orientation of the stacked base so as to 
enable hydrogen bond formation by E38. The other signatures of this 
common mode are the orientations of the base onto which Phe 36 stacks. 
Stacking on a pyrimidine retains it in an anti orientation of the glycosydic 
bond, while stacking on a purine causes the purine to adopt the syn 
orientation of the same (Fig 4). The protein seems to be bringing this 
about so that the purine N7 or the pyrimidine N3 can act as a hydrogen 
bond donor to Glu 38. Interestingly, the N7 in purines must either be 
protonated or exist in an alternate tautomeric form in order to be able to 
form this hydrogen bond. 
The structure of the E. coli MutS in complex with an unpaired thymidine 
(63) shows a marked difference from the structure of the same lesion in 
complex with the Taq MutS (46). While the stacking of F36 and hydrogen 
bond formation by E38, and all the contacts between the protein and DNA 
remain identical in both, the base pairs in the immediate vicinity of the 
mismatch show serious rearrangements in the E. coli structure. Such 
differences in the binding of the similar substrate by the same enzyme 
from two different organisms have been seen before in methyltransferases 
from HhaI (64) and HaeIII (65). Although methyltransferases are not 
repair enzymes, they are similar to the extent that they target one 
particular base i.e., the cytosine for binding.  
The distortion of the Watson-Crick basepairs in the vicinity of the unpaired 
thymidine also reveals for the first time, the role of the surrounding 
sequence context in mismatch recognition shown in biochemical studies 
(66,67). This has far-reaching consequences for mismatch repair in 
general. Mismatch repair is triggered by recognition of the mismatch and 
its stable binding by MutS. This implies that the repair of certain 
mismatches can be made less efficient, or even bypassed, if the sequence 
around the mismatch doesn’t permit effective MutS binding. Dramatic 
differences in DNA mismatch repair efficiencies can be obtained by making 
single or double nucleotide modifications in substrates with multiple 
mismatches or longer loops of unpaired nucleotides (68), and this effect is 
increased many fold when mismatch repair components are knocked out. 
The crystal structures of Taq MutS in complex with loops longer than one 
nucleotide (W.Yang, personal communication) while confirming the 
common mode for mismatch binding, do not explain the substrate 
dependent bifurcation of bacterial MutS into MSH2/MSH6 and MSH2/MSH3 
in eukaryotes, with a redundancy between them. A definite direction for 
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future research is the study of MutS in complex with a number of such 
complex substrates, so as to elucidate the exact, substrate binding mode 
required for repair of mismatches as well as single or multiple loop 
substrates.  
 
Analysis of the structure of ATPase domains  
 
MutS belongs to the ABC ATPase family. The proteins belonging to this 
family are involved in a variety of cellular processes, including transport 
across membranes (ABC transporters), chromosome structural 
maintenance (SMC proteins), and DNA repair enzymes like Rad 50 (double 
strand break repair), MutS (mismatch repair) and UvrA (nucleotide excision 
repair) (reviewed in (69)). ABC ATPases are characterized by four standard 
motifs, which are involved in nucleotide binding and hydrolysis. These are 
the P-loop or the Walker A motif (MutS residues 614-621), the Walker B 
motif (MutS residues 693-697), a highly conserved histidine (MutS residue 
728), which is a glutamine in some proteins, and a signature loop (MutS 
residues 657-670) (Fig 5), which is unique to ABC ATPases. In addition to 
this, another common feature amongst ABC ATPases is that they are all 
dimeric, with composite ATP binding sites involving residues from both 
monomers, with the ATP either causing the dimerization (70-72) or 
tightening an already existing dimer (73). The two ATP binding sites are 
asymmetric in substrate binding and hydrolysis (74-77). Yet another 
feature that is common amongst ABC ATPases is the long range signalling 
that follows the binding of ATP, leading to conformational changes in 
distant substrate binding domains. The first crystal structure of the E. coli 
MutS in complex with ADP, gave an insight into the structure of its ATPase 
domains. These are situated at the other end of the MutS dimer, at a 
distance of 100 Å from the mismatch binding domains. In the crystal 
structure, the monomer A has an ADP-Mg bound in its ATPase domain 
while the monomer B is empty (45). The ADP is bound using the highly 
conserved P-loop or the Walker A motif (residues 614-621 in E. coli). The 
magnesium is octahedrally coordinated by a conserved serine S621, four 
water molecules and the beta-phosphate of the ADP (Fig 5). Another 
widely conserved motif, the Walker B motif, also interacts with the 
magnesium. Two conserved acidic residues are found on this loop, D693 
and E694. The E694 is thought to play a role in lowering the energy barrier 
of the transition state upon ATP binding by repulsion of the gamma 
phosphate, thereby enabling hydrolysis of the ATP (78), while D693 is 
involved in binding the magnesium. The ATPase site of monomer B is 
empty. Two loops, referred to as signature loops, are disordered in both 
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Figure 5. View of the ADP binding site in the MutS-DNA-ADP-Mg 
complex. The residues involved in ADP-Mg binding are indicated. 
 
monomers (residues 659-669) in the ADP bound structure. In an attempt 
to solve the structure of MutS in complex with ATP, crystals of MutS were 
soaked into ATP (73), as attempts to co-crystallize MutS with ATP were 
unsuccessful. The resultant structure showed ATP binding to both 
monomers, with the ordering of the signature loops (659-669), along with 
rearrangements of several residues around the nucleotide binding site, 
namely N616, H728 and S668. ATP binding also led to an increase in MutS 
dimer affinity as determined by analytical ultracentrifugation experiments, 
and mutating these rearranged residues eliminated this increase. From this 
it was proposed (73) that the ordering of the signature loop, coupled with 
the rearrangements of the aforesaid residues and the tightening of the 
dimer, was important for the proper formation of the ATPase active site 
and signal transmission to the DNA binding domains to enable the 
formation of the ATP state. This structure, however, does not show the 
actual ATP state of MutS as it is trapped in a crystal during the ATP soak, 
and is therefore unable to undergo all the conformational changes 
required. The actual structure of the ATP state of MutS remains elusive. 
Other crystal structures and biochemical studies have shown MutS in 
different nucleotide binding modes. The crystal structure of Taq MutS has 
been solved with both monomers empty (46), both monomers with ADP-
Mg (78), and both monomers with ADP-beryllium fluoride, a potent 
inhibitor of MutS family of proteins (79). Biochemical studies have also 
proposed that upon mismatch recognition, MutS would be in either a 
ATP.MutS.ADP (ATP in monomer A, ADP in Monomer B) or in a 
ATP.MutS.ATP form (77), while the ADP.MutS.ATP form is seen in the 
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absence of DNA or in presence of fully matched DNA. Any crystal structure 
of MutS would be that of the enzyme in a particular state in its nucleotide 
binding and hydrolysis cycle and therefore, a series of structures in 
different states are necessary to get the complete picture. 
In the third chapter of this thesis, we report a crystal structure of MutS, in 
complex with mismatched DNA and ADP in a new crystal form with a 
different packing. In the original crystal structure a 30 base pair DNA was 
used, out of which only 16 base pairs were actually visible in the structure 
(45), although it could be seen from the packing that the remaining 14 
invisible base pairs were involved in crystal contacts. Crystallizing the 
protein with a DNA containing only 16 DNA base pairs yields a new crystal 
packing. An important feature of this structure is the severe disorder seen 
in the mismatch binding domain of monomer B, seen previously in the 
structure of Taq MutS (46). The DNA binding is unchanged compared to 
the previously solved MutS-DNA structures, confirming the conclusions of 
chapter 2 that it is largely the DNA which adapts itself to the protein, so as 
to bring about an induced fit binding mode. In addition, important changes 
are seen in the ATPase domains. The magnesium ion, seen along with the 
ADP in the previous structures is missing, along a complete ordering of the 
signature loop of the monomer B. This ordering leads to a widely 
conserved serine, S668 present on the signature loop to become visible. 
This has only been seen before in the structure of the MutS soaked in ATP 
(73), and in that of Taq MutS in complex with ADP-BeF (79). The signature 
loop has been shown in other studies to be a gamma phosphate sensor, 
and plays an important role in ATP hydrolysis (71,79). While its ordering 
can be explained in the ATP bound structure, it is very intriguing that it 
should be visible in an ADP bound structure in the absence of magnesium. 
Upon closer analysis, it becomes clear that several of the surrounding 
residues also play a role in the conformational changes. These include the 
N616 on the P-loop and the way it is oriented towards the histidine H728. 
E694, a highly conserved residue on the Walker B motif, which has been 
seen (Fig 5) hydrogen bonded to one of the waters coordinating with the 
magnesium, also changes orientation in the absence of magnesium. So the 
removal of magnesium results in a number of conformational changes 
involving highly conserved residues, with the consequence of the signature 
loop getting ordered.  
This chapter also discusses the Mg-Free state from the point of view of the 
MutS-ATPase cycle, and compares it with the GTPase cycle of G-proteins. 
The nucleotide bound, Mg Free states are important intermediates in the 
GTPase cycle of G-proteins, and have been well characterized (80). This 
comparison leads to the conclusion that the ADP-bound, Mg-Free structure 
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of MutS is also an intermediate in the MutS ATPase cycle. The importance 
of Mg in ADP-ATP exchange following mismatch binding has also been 
characterized here, as a part of the analysis. 
 
Analysis of the signalling between mismatch binding and ATPase 
domains. 
 
After binding to the mismatch, MutS binds ATP, leading to the attainment 
of its ATP state. This ATP state is commonly referred to as a ‘sliding clamp’. 
This is because, upon binding ATP, MutS attains a conformation where it 
releases the bound mismatch. Three models exist, which try to explain the 
exact role of ATP in the function of MutS. In one model, MutS uses the 
energy derived from ATP hydrolysis to propel itself along DNA, after 
locating the mismatch, in its search for the other mismatch repair 
components (81,82). In the other model, MutS is a molecular switch, which 
can exist in two states. In the ADP state, it binds mismatches. Mismatch 
binding causes a signal to be transmitted to its ATPase domains, 
whereupon it exchanges the bound ADP for ATP. This causes 
conformational changes in the protein, causing it form its ATP state, or the 
sliding clamp (83-85). In this conformation, it initiates the other 
downstream processes which lead to the repair of the mismatch. ATP 
hydrolysis is required only to bring the protein back to the ADP state where 
it could begin the process of mismatch binding all over again. In the third 
model, MutS uses ATP binding to verify the binding of (78,86) the 
mismatch, using a kinetic proofreading mechanism, and authorizes repair 
once this verification is carried out. Based on several studies, the first 
model is generally less favoured over the other two. 
A number of studies have revealed information about ATP binding, sliding 
clamp formation and the sequence of events involved. The binding and 
hydrolysis of ATP by the MutS dimer is asymmetric (76,77,87) as the two 
sites have different affinities for ATP binding. It has been shown that these 
differential affinities are maintained by an arginine, R697, located at the 
end of the walker B motif. This arginine is unique to the MutS family of 
proteins, and mutating it to an alanine destroys the high affinity ATP 
binding site (76).  
In the absence of any DNA, the release of ADP is the rate limiting step for 
steady state ATP hydrolysis (83,88) and this is reflected in the simulation of 
the steady state ATP hydrolysis rate by any DNA (86,88). On the other 
hand, rapid quench ATP hydrolysis experiments in the absence of DNA 
show an initial fast hydrolysis rate, followed by a slow phase (77,89). 
Mismatched (83,88,90) or homoduplex DNA binding by MutS results in a 
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dramatic increase of the ADP to ATP exchange. When the binding of MutS 
occurs to a mismatched DNA in need of repair, the burst ATP hydrolysis is 
inhibited (verification of the bound mismatch (78)) and a stable MutS-DNA-
ATP state is formed (77,87,89), followed by the initiation of downstream 
processes.  If however, the binding occurs to homoduplex DNA not in need 
of repair, ATP binding and the associated verification procedure result in 
direct dissociation of MutS from DNA (91,92). This is also associated with 
the rapid hydrolysis of ATP.  
It is obvious that this process involves considerable signalling between the 
mismatch binding and the ATPase domains, which are separated by around 
100 Å. Such a long range signalling process must involve several residues 
but it can be envisioned that it has to begin with just one interaction, made 
by a single residue: glutamate, E38, which forms a hydrogen bond to one 
of the mismatched bases (Fig 4). Previous studies on the E38 have shown 
that the negative charge on the acid side chain helped in the discrimination 
between mismatched and normal DNA, so as to help the protein find 
mismatches (93). However, since the initial discrimination between 
mismatched and homoduplex DNA is only of the order of 8 to 10 fold 
(67,93) and a second mismatch verification mechanism involving ATP 
binding had also been proposed (78), it became clear that E38 had a role 
to play in both these processes. 
In the third and final chapter of this thesis (86) we have examined the role 
of the E38 by mutating it to a glutamine, an alanine and a threonine. We 
have performed in-vivo mismatch repair assays on these mutants, solved 
their crystal structures in complex with a G.T mismatch containing DNA, 
studied homoduplex and mismatched DNA binding and the signalling 
process between the mismatch binding domains and the ATPase domains 
using a variety of assays. While the E38T and E38Q can repair mismatches 
as well as the wild type protein in-vivo, E38A is greatly reduced in its ability 
to do so. DNA band shifts with end blocked mismatched substrates in the 
presence of ATP reveal that all mutants can form the sliding clamp, with 
the E38A lagging behind the others. However, when homoduplex DNA is 
used, all the mutants show release in the presence of ATP, clearly 
demonstrating the ATP induced mismatch verification. Rapid quench 
ATPase assays show that the E38A is not able to inhibit the burst of ATP 
hydrolysis, while the wild type and the other mutants do. This inability of 
the E38A is reflected in its faster release of a mismatched DNA substrate in 
the presence of ATP, during the inherent flow in a Biacore surface plasmon 
resonance experiment. Finally, crystal structures of E38T, E38A and E38Q 
in complex with a G.T mismatch reveal that the E38A cannot form a 
hydrogen bond to the mismatched thymidine, while the other mutants can. 
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Therefore, it can be concluded that the hydrogen bond formed by E38 to 
the mismatched base plays a key role in intermolecular signalling which 
results in a stable MutS-DNA-ATP complex, which can then initiate further 
repair events.  
 
Thus, the aim of this thesis has been to shed light on the molecular 
processes governing mismatch recognition and the initiation of mismatch 
repair by MutS, an enzyme displaying a remarkable versatility of being able 
to recognize 11 out of 12 possible DNA mismatches and unpaired DNA 
base loops up to three nucleotides in length, and initiating repair. The 
fundamental mechanisms of DNA mismatch targeting, and signalling, 
leading to the verification and repair of mismatches by MutS make this 
protein an excellent example of Nature’s chemical ingenuity, perfected over 
millions of years of evolution. Surely, it can be said that the continuity of 
life can be attributed to the invisible actions of the cell’s genomic 
caretakers and their remarkable abilities. 
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Chapter 2 
 

Structures of Escherichia coli DNA mismatch 
repair enzyme MutS in complex with different 
mismatches: a common recognition mode for 

diverse substrates. 
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DNA mismatch repair in Escherichia coli is initiated when the ABC 
ATPase MutS binds to a mismatch. Subsequent exchange of ADP for 
ATP in the ATPase domains leads to the formation of a MutS ATP 
state, which initiates downstream repair. MutS, a homodimeric protein 
with asymmetric ATPase domains, achieves this ATP state by 
mismatch-dependent inhibition of ATP hydrolysis in at least one of the 
two nucleotide binding sites. Here we report a previously unobserved 
state of MutS in a novel crystal form. This structure contains a 
complex of MutS bound to an A:A mismatch and confirms our 
previous conclusion that the DNA adapts itself to the protein. In this 
crystal form, an ADP is bound to the mismatch-binding monomer A, 
but magnesium is absent, despite the fact that it was present during  
crystallization. We show that magnesium is essential for the DNA-
dependent ADP-ATP exchange. In the structure, the loss of magnesium 
leads to ordering of the signature loop of monomer B, which otherwise 
only occurs in the presence of ATP. In analogy to G-proteins, where 
removal of magnesium is an important step in the signalling cycle, we 
propose that this ADP-bound, Mg-free structure represents an 
intermediate in the ATPase cycle of MutS. 

 
INTRODUCTION 

 
DNA mismatch repair (MMR) is an essential DNA repair mechanism used 
by organisms to guard their genomes from mutations. The fundamental 
mechanisms of MMR are widely conserved amongst different species and 
have been the subject of a number of reviews (1-4). Mismatch repair is 
initiated when the protein MutS or any of its homologs binds to mismatches 
or insertion-deletion loops. This is followed by a complex repair process, 
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involving ATP binding by MutS, formation of a complex between MutS 
and MutL (or any of its homologs), the identification of a strand 
discrimination signal, leading to the removal of the mismatch containing 
daughter strand and its resynthesis.  
Crystal structures of E. coli MutS in complex with DNA mismatches and 
an unpaired thymidine (5,6), and that of Thermus aquaticus MutS (7), have 
shown the essential features of mismatch binding and the location of the 
ATPase sites (Fig 1A, B, D). The ATP binding site is found in each 
monomer, but a so-called signature loop from the opposing monomer forms 
part of the active site, and undergoes a disorder-to-order transition upon 
ATP binding (Fig 1D). This type of composite ATP binding site is a 
hallmark of the ABC family of ATPases. Upon binding a mismatch, MutS 
binds to ATP and this causes it to switch from a state in which it can bind 
mismatches, to one in which it can recruit other downstream factors in the 
repair cascade (8,9). MutS is an asymmetric ATPase, as its two ATP 
binding sites have different binding affinities and hydrolysis rates (10,11, 
Antony, 2004 #95). The asymmetry is maintained by a single arginine (Arg 
697) at the interface between the nucleotide binding domains in E. coli 
MutS (12). The binding of ATP following mismatch binding, results in the 
formation of a relatively stable ATP state on the DNA mismatch, which is 
able to form the so-called ‘sliding clamp’ (9,13,14). This then forms a 
complex with MutL and initiates other downstream events (9). This 
additional ATP dependent verification of mismatch binding also results in 
direct dissociation of MutS from homoduplex DNA not in need of repair 
(14-16).  
Complexes of both Taq and E. coli MutS have been resolved with different 
nucleotides in the two monomers, A and B, where the monomer A binds 
the mismatch. Taq MutS structures have been reported either empty in both 
monomers (7), with ADP-Mg in both (15), or with ADP-BeF in both 
monomers (17). Most E. coli MutS structures have an ADP-Mg in 
monomer A alone (5,6). All these structures show no significant changes in 
the conformation of the mismatch binding domains, which should be the 
important defining feature of any sliding clamp. Attempts to crystallize 
MutS in its ATP state have not been successful. Crystals of E. coli MutS-
ADP in complex with mismatched DNA were soaked in a solution 
containing ATP (12). Since the protein was trapped in a crystal, not all the 
conformational changes needed to form the sliding clamp were allowed. 
However, important changes in the nucleotide binding domains could be 
observed. First, ATP was seen bound to both monomers, a configuration 
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that has been proposed to exist after the protein has bound a DNA 
mismatch (18). In addition, monomer A also has a magnesium atom bound. 
The second important change observed upon ATP binding is the ordering 
of the signature loops, which are disordered in the ADP bound structure. 
This ordering causes the conserved serine S668 in the opposing monomer 
to get exposed to the gamma phosphate of the ATP. Two more conserved 
residues, N616 and H728 in the monomer A, also get rearranged. Mutation 
of these residues to alanine was shown to eliminate some essential 
attributes of the protein. These are the ATPase activity, DNA release and 
the tightening of the dimer upon ATP binding (12,15). Clearly, these 
movements and rearrangements of important residues are essential for the 
protein to achieve its ‘ATP’ state and represent structural elements of the 
protein in an important part of its ATPase cycle. 

Thus, structural analysis has contributed significantly to the 
understanding of the MutS ATPase cycle but important states are still 
missing. Not only is the formation of the clamp in MutS yet unobserved, 
additional steps that take place in this cycle of two separate, but interlinked 
ATPase sites are still to be unravelled. 
Here we report the structure of MutS in a new crystal form, which was 
obtained with a shorter DNA oligomer (5,6). In this novel crystal form we 
see unexpected changes in the ATPase domains, associated with loss of 
Mg2+, but not ADP binding, suggesting that the enzyme has been trapped in 
a state so far unnoticed in any other MutS structure. We analyze this novel 
state and present evidence that magnesium plays a role in the MutS cycle at 
other steps than ATP hydrolysis. In analogy to the described role of 
magnesium in GTPases we suggest that we have trapped a novel 
intermediate in the MutS ATPase cycle. 

 
 

EXPERIMENTAL PROCEDURES 
 
Crystallization - ΔC800, a deletion mutant of E. coli MutS was expressed 
and purified as reported earlier (5,6). A 16 base pair truncated form of the 
30 base pair DNA (5) with the A.A mismatch located at the 9th base pair 
from the 5’ end was used for the crystallization. The sequence of the upper 
strand was 5’AGCTGCCAAGCACCAG while that of the lower strand was 
5’CTGGTGCATGGCAGCT, with the mismatched nucleotides shown in 
bold. The DNA was ordered as two single strands and annealed as 
previously described (6). The protein was mixed with the substrate DNA in 
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a ratio of approx 2.5:1, and ADP was added, to equal the final 
concentration of the protein. The final ratio of protein:DNA:ADP in the 
mixture was 112:40:112. Preliminary crystals, unsuitable for 
crystallographic analysis, were obtained when a hanging drop experiment 
was done with the well solution comprising of 30% PEG 3350, 150 mM Na 
Citrate, 2 mM MgCl2 and 100 mM bis-tris propane (pH 7.5). These crystals 
were crushed and used as seeds. With these, good crystals were obtained by 
hanging drop crystallization, with the well comprising of 18-20% PEG 
3350, 80-120 mM Na Citrate, 100 mM bis-tris propane (pH 7.5) and 2-5 
mM MgCl2. The crystals were transferred slowly into the cryo buffer (22% 
PEG 3350, 20% glycerol, 150 mM Na citrate) and flash frozen in liquid 
nitrogen.  
Data collection, structure solution and refinement - The data were collected 
at the ID14-EH2 beamline at the ESRF, France and processed using 
MOSFLM and SCALA (19) (Table 1). Molecular replacement was done 
using Phaser (20), and the previously reported MutS-A.A mismatch 
complex (6) was used as a model, after removing the ADP-Mg. Refinement 
was done using REFMAC (21) (Table 1), and the model built using Coot 
(22). TLS refinement gave a substantial improvement of the map quality. 
All figures were made using Pymol (DeLano Scientific LLC, 
http//www.pymol.org) 
Structure analysis - Comparison between crystal structures made use of 
ESCET (23) to identify significant conformational changes. Prior to this 
procedure, TLS parameters were mapped back to individual B-factors using 
the program TLSANL from the CCP4 suite (20). Protein interface analysis 
made use of the PISA server at the EBI (24). 
Purification of nucleotide-free MutS - Purified MutS (22 mg/ml) (5,6) was 
dialyzed against 75–fold excess of 25 mM hepes pH 7.5, 250 mM NaCl, 10 
mM beta-mercaptoethanol, 5 mM MgCl2, and 1.5 mg/ml apyrase (Sigma) 
for 30 minutes at room temperature and additionally, for 2 hours at 4°C. 
Dialysis was continued overnight at 4°C against 25 mM Hepes pH 7.5, 250 
mM NaCl, 10 mM beta-mercaptoethanol with several buffer changes. The 
dialyzed MutS was diluted 2-fold using buffer without salt, bound to a 
MonoQ column and eluted using a 0-1 M NaCl gradient in 25 mM Hepes 
pH 7.5, 10 mM beta-mercaptoethanol. After concentration of the MutS 
peak fractions, the nucleotide content was determined as described (10,25).  
Surface plasmon resonance - Surface plasmon resonance spectroscopy 
(SPR) was performed at 25°C on a BIAcore T100. Streptavidin SA sensor 
chips were derivatized with about 250 resonance units of biotin derivatized 
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41-basepair heteroduplex as indicated. MutS (40–1000 nM) in running 
buffer (RB; 25 mM Hepes–NaOH, pH 7.5, 150 mM NaCl, containing either 
10 mM MgCl2 or 1 mM EDTA) were injected across the SA chip at 30 
μl/min. Saturation binding values were fit and the dissociation constant 
(Kd) for MutS–DNA complexes was determined according to the steady 
state affinity model implemented in the Biacore T100 evaluation software.  
Nucleotide binding, hydrolysis and exchange- Nucleotide-free MutS (final 
assay concentration 250 nM) and 0-10 µM mant-ADP (Molecular Probes) 
were incubated in 25 mM Hepes, 150 mM NaCl containing either 10 mM 
EDTA or 10 mM MgCl2. Binding of mant-ADP to MutS was monitored on 
a Fluostar optima spectrophotomoter using excitation and emission filters 
of 355 and 405 nm respectively. Binding curves were analysed using the 
Solver add-in in the Microsoft Excel package. Binding constants were 
obtained by fitting the equation [ADPbound] = (Bmax 
*[ADP])/(Kd+[ADP]) to the data. Steady-state and pre-steady state ATP 
hydrolysis were monitored as described (14). Nucleotide exchange was 
determined in the absence and presence of mismatched DNA as described 
(14) at increasing magnesium concentrations (0-2 mM MgCl2). 

 
 

RESULTS 
 
MutS structure - We crystallized E. coli MutS ΔC800 in complex to a 16-
mer A.A mismatched oligomer, that includes all base pairs visible in 
previous structures. The crystal diffracted to 3.2 Å and the structure was 
solved by molecular replacement. Refinement resulted in a final structure 
with an R-factor of 20.8% and Rfree of 27.1%, with good geometry (Table 
1). The overall structure of the MutS dimer in the new space group 
(henceforth called 16AA9) is very similar to the original structure of MutS 
bound to a 30-mer heteroduplex (6) (henceforth 30AA9) (Figure 1). The 
mismatch binding is unchanged, as is the kinking of the DNA (Fig 1C), 
reinforcing our earlier observation that the DNA changes conformation to 
achieve a unique binding mode with the protein (6). In general mismatch 
binding occurs via Phe36 inserting between the bases and Glu38 making a 
hydrogen bond to the mismatch. In the earlier study we had found that the 
protein recognizes all mismatches in the same way, but we could not 
exclude the influence of crystal contacts in forcing MutS into this 
conformation. In the new space group the crystal contacts have changed 
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dramatically (Supplementary Fig 1) but the recognition of the DNA is 
unchanged. 

Crystallographic statistics 
Resolution (Å) 20 – 3.2 (3.37-3.2) 
Completeness (%) 99.8 (98.8) 
I/σ(I) 4.1 (1.0) 
Rmerge (%) 16.8 (71.7) 
No of observations 245011 (34611) 
Unique reflections 34220 (4933) 
Multiplicity 7.2 (7.0) 
Cell Parameters (Å) a= 91.10; b= 137.90; c= 161.44 
Space group P212121
Refinement data  
R (%) 20.8 
Rfree (%) 27.1 
R.m.s.d (bonds) (Å) 0.006 
R.m.s.d (angles) (°) 1.002 
No of atoms (protein+DNA+ligands) 12726 
Values in parenthesis refer to the highest resolution shell 

Table 1: Crystallographic data and Refinement 
 

 
Figure 1. (A) Overall structure of the MutS 16AA9 complex. The mismatch 
binding monomer A is shown in green and monomer B in blue. The signature 
loops are shown in red and the ADP in solid spheres. (B) The domain 
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definitions of the MutS monomer, used in the TLS refinement of the 
structures. (C) Superposition of mismatch binding, clamp domains and DNA 
of the 16AA9 (brown) and 30AA9 (cyan) structures. The mismatch is shown in 
red.(D) ATPase domain of the 16AA9 complex. The signature loops are shown 
in red. The original colour figures can be found in 
http://ganeshthesisfigures.org 
 
In the new space group the mismatch binding domain of monomer B, 
which does not contact the mismatch directly, is disordered (Fig 1C). This 
has been seen before, in the structure of the Taq MutS in complex with a 
looped out thymidine (7). In the 30AA9 crystal form, this region is ordered, 
possibly because it is supported by crystal contacts (Supplementary Fig 1).  
The most noticeable feature in the new crystal form is the absence of 
magnesium in the nucleotide binding site of domain A, whereas the 
electron density for the ADP cofactor is very clear. This is surprising as the 
crystallization conditions included 2-5 mM MgCl2 and there is space in the 
structure to accommodate the magnesium. Three additional data sets in this 
new space-group of MutS bound to 16-base pair DNA oligomers with 
different base-base mismatches were also analyzed (data not shown). These 
data sets had low-resolution diffraction limits (>3.5 Å) or the data were 
twinned, but in each of these the electron density for the ADP is well 
resolved, whereas there is no density for magnesium. Concomitant with this 
absence of magnesium, there are a number of local rearrangements that are 
described in more detail below.  
Crystal contacts - Analysis of the crystal contacts between the two crystal 
forms,  using the PISA server (24) shows that in the 30AA9 structure, most 
crystal contacts are by surface residues in the monomer B, with a few on 
the core domain of monomer A (Supplementary Fig 1). In contrast, the 
larger number of crystal contacts in the 16AA9 structure are found in the 
ATPase domain of monomer A. Since only the surface residues are 
involved in the crystal contacts, the changes that we observe in the 
nucleotide-binding site are indirect and not directly brought about by the 
new crystal contacts. 
Analysis of domain movements - To analyze the overall conformational 
changes between the new structure and known nucleotide states of MutS, 
we performed pairwise comparisons of the structures using the program 
ESCET (23). In this comparison, a B-factor dependent correction is applied 
to determine where two experimental crystal structures are significantly 
different. Conformational changes related to magnesium coordination are 
revealed by comparison of the Mg-bound 30AA9 (or 30GT9 (Lamers et al, 
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2000), which is equivalent for its ATPase domains) and Mg-free 16AA9 
structures (Fig 2A, B). In both monomers, the C-terminal helix-loop-helix 
region (778-781) is rearranged. The major variation involves the residues of 
the monomer A Walker B motif (aa 692-697) that are directly involved in 
magnesium coordination. The second major, and unexpected, 
conformational difference is the ordering of the signature loop from 
monomer B that complements the subunit A active site (aa 659-670). This 
loop is generally disordered in the ADP state and it was thought that the 
disorder-to-order transition is an integral part of the ATPase cycle of MutS.  
Because signature loop ordening is related to ATP binding we compared 
the 16AA9 with the structure into which ATP has been soaked (30GT9-
ATP) (12) (Fig 2C, D). In the ATPase domain of monomer A, the 
difference in bound nucleotide induces changes in the Walker B motif 
(residues 692-697). In monomer B, we see variations in the P-loop 
(residues 616-619), which is obvious as the 30GT9-ATP soak has ATP 
bound to this monomer while the 16AA9 is empty. This also results in the 
partial ordering of the signature loop of monomer A in 30GT9-ATP. The 
major changes involve the signature loop in monomer B, which is better 
ordered in the new 16AA9 structure than in the 30GT9-ATPsoak. In 
addition there are some significant differences in the core domains (Fig 
2C). This is interesting, as this region is only about 10 Å away from the 
signature loop and could be involved in the transmission of signals between 
the ATPase and mismatch binding domains. This close approach of the 
ordered signature loop and the core domain has been seen before in the Taq 
MutS structure in complex with ADP-BeF (17). 
 To understand the structural changes responsible for the disorder-to order 
transition of the signature loop, we analyzed the residues involved in more 
detail (Fig 3). The conserved residues that are most important for 
nucleotide binding and hydrolysis in E. coli MutS are N616, K620 and 
S621 on the P-loop, D693 and E694 on the Walker B motif, and H728. In 
the absence of any nucleotide (Fig 3D), these residues rearrange themselves 
to stably interact with each other. The Walker B motif shows the most 
dramatic rearrangement upon removal of magnesium (Fig 3A,B). Two 
acidic residues D693 and E694 (Fig 3B), are involved in Mg2+ binding. 
Upon removal of the magnesium in the 16AA structure, these two acidic 
side chains, now repelled electrostatically by the beta-phosphate of the 
ADP, move away from it (Fig 3A). The D693 is stabilized by a main chain 
hydrogen bond with G658, while the E694 side chain approaches the amine 
nitrogens on the side chain of the R697 of the same monomer.
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Figure 2. (A). Comparison of the 16AA9 structure with the 30AA9 structure 
using ESCET. The monomer A is coloured green and the monomer B is blue. 
The green and blue portions of these monomers represent the 
conformationally invariant regions between the two structures. Regions in 
black and brown represent regions which show movements upon comparing 
the two structures, but can be grouped as rigid domains. The regions in red 
are the ones, which do not belong to any conformationally invariant region 
and are the most flexible. (B). View of the ATPase domains from the top, in 
this same comparison. (C). Comparison between the 16AA9 structure and the 
30GT9-ATPsoak. (D). View of the ATPase domains from the top in this 
comparison. All figures are stereoviews. For original colour figures visit 
http://ganeshthesisfigures.org.
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Interestingly, R697 is seen in a different orientation in the 16AA9 (Fig 3A) 
compared to the 30AA9 (Fig 3B) or even the 30GT9-ATP soak (Fig 3C). In 
this reoriented state, the side chain of R697 is held stably by the glutamate 
D673, and is also in the vicinity of the E694. It can be envisaged that the 
R697 is brought into this orientation due to the attraction of the two acid 
side chains. The movements in the Walker B motif in the absence of 
magnesium therefore, lead to the creation of a void. As a consequence, the 
N616 moves in along with the P-loop main chain to form a hydrogen bond 
with H728, which is also reoriented compared to its position in the 30AA9 
structure (Fig 3). This enables the signature loop from the opposing 
monomer to stabilize in the space created by the reoriented P-loop and the 
conserved serine S668 to interact with the charged phosphate tail of the 
ADP.  
In the structure of the 30GT9-ATPsoak, the signature loop of monomer B is 
ordered and the S668 does make contact with the gamma phosphate of the 
ATP (Fig 3C). The presence of magnesium makes the side chains of D693 
and E694 orient towards it, and hydrogen bond with the waters 
coordinating with the magnesium. The gamma phosphate of the ATP points 
towards the signature loop, causing the N616 to move aside from its 
position in the 30AA9 structure (Fig 3B) to form the hydrogen bond to the 
H728. The gamma phosphate interacts with the conserved serine S668 in 
the signature loop of the opposing monomer B thereby stabilizing it. In 
conclusion, the general requirement for the stabilization of the signature 
loop seems to be either the presence of a gamma phosphate interacting with 
the S668, or the removal of magnesium, which causes a reorientation of 
E694 and the consequent rearrangement of the N616, allowing for the 
interaction with the S668 on the opposing monomer’s signature loop. 
The role of magnesium – To study the role of magnesium in the ATPase 
cycle we needed to prepare MutS that has no nucleotide bound, and 
consequently no magnesium. In our purifications MutS has one ADP*Mg 
bound (5,10) Dilution and extensive dialysis alone (26) are, in our hands, 
not sufficient to remove this nucleotide, but upon dialysis against a solution 
that contains the nucleotide degrading enzyme apyrase we obtained MutS 
that is almost nucleotide free (less than 0.05 mol ADP/mol MutS). The fact 
that nucleotide removal is only possible in this way indicates that MutS 
does release the nucleotide, but that rebinding is very fast and can only be 
prevented by actively degrading the nucleotide. Nucleotide-free MutS is 
fully active based on similar affinity for mismatched DNA (not shown) and 
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Figure 3. Details of hydrogen bonding and nucleotide binding in the ATP 
binding site (A) 16AA9 monomer A; (B) 30AA9 monomer A; (C) 30GT9-
ATPsoak (Monomer A); (D) 30AA9 (Monomer B). In all figures, the monomer 
A is coloured green and monomer B, coloured blue. All figures are 
stereoviews. Hydrogen bonds are shown as red lines. The Magnesium is shown 
as a small green sphere and the coordinating waters as red ones. The original 
color figure can be found in http://ganeshthesisfigures.org.
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similar kinetic constants for ATP hydrolysis (not shown) compared to 
routinely purified MutS. 
Next we used this ‘empty’ MutS to analyse the role of magnesium in the 
different stages of mismatch binding and the concomitant ATPase cycle. 
We found that mismatch recognition is completely independent of 
magnesium and binding profiles of MutS to mismatch-containing DNA 
obtained by surface plasmon resonance are identical in the presence and 
absence of the metal ion (Kd for mismatched DNA 57 +/- 15 nM in the 
presence of magnesium versus 62 +/- 10 nM in the presence of EDTA). In 
addition we found that magnesium does not contribute to nucleotide 
binding (Kd for mantADP 0.65 +/- 0.2 µM and 0.88 +/- 0.1 µM in buffer 
containing Mg or EDTA, respectively).  
We then analyzed the effect of magnesium on other steps of the ATPase 
cycle. As expected the steady state ATPase activity is completely abolished  
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Figure 4. Nucleotide exchange in the absence and presence of mismatched 
DNA and its dependence on magnesium. (a) Release of fluorescent mantADP 
from MutS (open triangles), in the presence of 10 mM MgCl2 (closed 
triangles), in the presence of mismatched DNA (open cirles) and in the 
presence of both 10 mM MgCl2 and mismatched DNA (closed circles). (b) 
Nucleotide exchange rate in the absence and presence of mismatched DNA as 
a function of magnesium concentration. 
 
in buffer containing 10 mM EDTA. This is also true for the pre-steady state 
burst ATP hydrolysis, indicating that the chemical hydrolysis of ATP itself 
depends on the presence of magnesium. 
However, this is not the only requirement for magnesium. We analyzed the 
mismatch-dependent nucleotide exchange in a fluorescence assay, based on 
monitoring the release of fluorescent mantADP upon binding of ATP. As 
expected (27), this process is dependent on the presence of mismatched 
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DNA (Fig 4), indicating that mismatched DNA acts as an exchange factor 
here. However, we also observe that there is an absolute dependence on the 
presence of the metal ion for the ADP/ATP exchange to occur (Fig 4). 
Even in the presence of mismatched DNA, exchange is slow in the absence 
of magnesium. These results indicate that magnesium has to be bound by 
MutS during the exchange reaction, or that one of the individual nucleotide 
binding or release steps is coupled with binding or release of the metal ion. 

 
DISCUSSION 

 
MutS is a molecular switch which uses mismatch and ATP binding to 
switch between a state where it can recognize mismatches and another one 
in which it initiates repair (8). During this process, it undergoes a complex 
ATPase cycle. Steps in this cycle involve the accelerated exchange of ADP 
for ATP following mismatch binding (9,27), the inhibition of the ATPase 
activity in one of the nucleotide binding sites (13,18,28), leading to the 
formation of a stable MutS-DNA-ATP state, the formation of a sliding 
clamp which initiates downstream repair processes, and finally, the 
recycling of the MutS protein back to its original state by hydrolysis of the 
bound ATP. While this process has been extensively studied biochemically, 
crystallizing MutS and determining its structure at each of these 
intermediate states has not been possible. Structures have been determined 
in various nucleotide states (5-7,15,17). These structures have created a 
partial understanding of the MutS ATPase cycle. It is known however, that 
MutS undergoes additional conformational changes during its nucleotide 
binding and hydrolysis cycles. Neither the full catalytic site, nor the release 
from DNA that has been termed ‘clamp formation’ has been observed in 
crystal structures yet.  
Here we present a novel state of MutS found in a new crystal form in which 
an ADP is bound but no electron density can be observed for Mg2+ in 
conjunction to an ordered state of the so called signature loop. It seems 
unlikely that this state of the protein is the result of the shorter DNA 
oligomer since all contacts to the DNA are preserved in this crystal. 
Therefore we assume that this state is most likely trapped by the novel 
crystal packing. These crystal contacts are very extensive (supplementary 
Fig 1), and we were unable to determine which specific contacts are 
responsible for trapping the MutS molecule. However, since the differences 
that we observed between the known structure and the novel state described 
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here involve a number of coordinated changes in the active site, we found it 
of interest to study this state in more detail.  
The structures of MutS solved so far have shown small movements and 
conformational changes in domains, which seem to suggest a coordinated 
propagation of the conformational changes observed upon ATP binding, 
i.e. signature loop ordening and tightening of the ATP dimer interface, 
towards the core domain of monomer B and the clamp domains of both 
monomers. In other ABC-ATPases like SMC proteins, the signature loop is 
required for the ATP induced dimerization, resulting in completion of the 
active site (29). In contrast, in MutS, the ordering of the signature loop is 
caused by a particular orientation of the gamma phosphate of the bound 
ATP (Fig 3), and also depends on the presence of magnesium. The ordering 
of the signature loop, and the associated conformational changes and 
movements in the core domains upon comparison of the 16AA9 structure 
with the MutS-ATP soak structure confirm the link between this loop and 
the transmission of this signal to the mismatch binding domains, which 
would lead to the formation of the sliding clamp. The ordering of the 
signature loop is associated with ATP binding (12), where the 
reorientations of the side chains of N616, H728 and E694 lead to the S668 
being able to interact with the gamma phosphate.  
In our new 16AA9 structure (Fig 3A), we find that the removal of 
magnesium and ordering of the signature loop correlate with a re-
arrangement of the Walker B motif. This indicates that magnesium in MutS 
plays a structural role. Magnesium is required for ATP hydrolysis, and also 
for effective ADP-ATP exchange following mismatch binding (Fig 4). In 
the crystal structures, magnesium brings the acids D693 and E694 in the 
Walker B motif closer to the gamma phosphate (Fig 3). The catalysis of the 
phosphate cleavage probably involves the activation of one of the water 
molecules coordinating the magnesium (15). 
Magnesium is an important cofactor that plays a key role in another set of 
nucleotide binding enzymes, the G-proteins. In the Rho family of 
monomeric GTPases, magnesium plays the role of a GDP/GTP dissociation 
inhibitor (30), as the addition of Mg leads to a marked decrease in GDP-
GTP exchange rates and also a decrease in the catalytic efficiency of GEFs. 
Crystal structures of Rho-A (31) have shown that in the absence of 
magnesium the switch I region opens up, thereby exposing the bound 
nucleotide for exchange by any GEF. Results similar to these have also 
been reported for the Ras family of proteins (32) There is evidence 
(reviewed in (32)), that when the GEF binds to the GDP bound state 
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stabilized by magnesium, it disrupts the Mg coordination. This leads to an 
intermediate state where there is GDP bound without Mg, followed by 
GDP release, which leads to a nucleotide free state. This is followed by the 
uptake of GTP followed by Mg, leading to a stable GTP-Mg state. 
Therefore, magnesium plays a regulatory role in G-proteins, by stabilizing 
the GDP or the GTP bound states, and the GTPase cycle includes transient 
intermediates where there are GDP/GTP nucleotides bound without Mg. 
Comparing the MutS cycle to that of the G-protein, it can be said that the 
binding of DNA acts like a nucleotide exchange factor (AEF in this case), 
In our new 16AA MutS structure, the binding of the DNA and the absence 
of Mg in the ATPase site are accompanied by the signature loop becoming 
visible and this is a requirement for the completion of the ATP binding site. 
So, based on this comparison with G-proteins, we propose that this 
structure represents one of these transient Mg-free states, prior to ATP 
binding.  
From our results it becomes clear that the actual role of Mg in MutS is very 
different from the role it plays in G-proteins. Both mismatch binding and 
nucleotide binding do not require the presence of the divalent metal ion. 
While for nucleotide binding this is unexpected based on the intimate 
interactions between nucleotide and magnesium as visible in the crystal 
structure, it is not unprecedented, as different small GTPases differ in their 
magnesium dependence for nucleotide binding (discussed in (30)). More 
importantly, we find that mismatch-induced ADP-ATP exchange requires 
Mg (Fig. 4), in contrast to G-proteins, where there is rapid exchange of 
GDP for GTP in absence of Mg (30). Since mismatch binding itself does 
not require magnesium, the magnesium dependence is not indirect but must 
reside in the nucleotide binding sites themselves. Also nucleotide binding 
itself does not require the metal ion, therefore the role of the magnesium is 
probably in relaying the correct conformational change that induces 
nucleotide exchange after mismatch binding. This structural role of the 
metal ion is noticeable in the 16AA crystal structure by the displacement of 
the Walker B motif. A structural role for magnesium in relaying the correct 
conformational change after ATP uptake towards release of the mismatch 
and sliding clamp formation has previously been reported for the human 
homolog of MutS (33).  
The fact that only a subset of steps in the mismatched DNA-dependent 
MutS ATPase cycle displays an absolute requirement for magnesium, while 
other steps are independent of the divalent metal ion, implies that 
regulation of the progression of MutS through the different asymmetric 
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stages of the ATPase cycle and its stalling at specific points in the pathway 
could efficiently be regulated by magnesium. Our and others’ observation 
that the MutS nucleotide binding sites can exist in magnesium-bound as 
well as in a magnesium-free state, indicates that the protein is in principle 
able to control its metal coordination. Mismatch binding by MutS results in 
inhibition of ATP hydrolysis in at least one of the nucleotide binding sites 
on the MutS dimer ((14,18)). While it is known that this inhibition is 
dependent on a hydrogen bond between the mismatch binding domain and 
the DNA (14), the structural implications of this signalling in the ATPase 
domain are unknown. As ATP hydrolysis requires magnesium, removal of 
the metal ion would be an effective means to acquire this inhibition. 
Similarly, we can envisage that inhibition of nucleotide exchange by 
magnesium removal could stall MutS in its progression through the ATPase 
cycle until conditions for correct mismatch-induced repair initiation are 
met. We therefore propose that the magnesium-free state of Muts is an 
intermediate in the MutS ATPase cycle that could play a role in 
coordinating the correct response upon mismatch binding and recruitment 
of downstream mismatch repair components. 
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Supplementary figure 1. Crystal contacts in the (A) 16AA9 and (B) 
30AA9structures. The residues involved in the crystal contacts are 
shown in red. For the real colour figure, visit 
http://ganeshthesisfigures.org. 
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Supplemental figure 2. (A) Superposition of monomer A ATP binding sites of 
the 16AA9 with the 30AA9. The monomer A is shown in green (16AA9-dark; 
30AA9-pale), while the monomer B is shown in blue (16AA9-dark; 30AA9-
pale). (B) Superposition of the monomer A ATP binding site of 16AA9 with 
the 30GT9-ATP soak. Monomer A is shown in green (16AA9-dark; 30GT9-
ATP-pale) and monomer B in blue (16AA9-dark; 30GT9-ATP-pale). All 
figures are stereoviews. (C) Superposition of ATP binding site of the 
monomer A of 16AA9 with the monomer B of 30AA9 (16AA9 -Dark; 30AA9- 
Pale). The magnesium is shown as the big solid sphere. 
http://ganeshthesisfigures.org 
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Chapter 4                                 Glutamate 38 mutants 

 
 
 

Chapter 4 
 

Dual role of MutS glutamate 38 in DNA 
mismatch discrimination and authorization of 

repair. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reprinted from EMBO Journal (2006), 25, 409-419.  
Colour figures published in http://ganeshthesisfigures.org  

with full permissions. 
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Chapter 5                                                     Summary in English                     

Genomic fidelity in organisms depends on several DNA repair 
mechanisms, which are highly specific in their ability to target 
mutations and defects in DNA, and initiate repair. DNA 
mismatch repair is one of these processes, which detects and 
repairs mismatches and insertion-deletion loops in DNA. These 
come about due to replication errors made by the polymerase, 
and also to certain other recombinatorial events. The 
importance of this particular repair mechanism is underlined 
by the fact that defects in the mismatch repair pathway 
predispose humans to HNPCC or Hereditary Non Polyposis 
Colorectal Cancers. The DNA mismatch proteins also play an 
anti-recombinogenic role, preventing inter-species 
recombination.
This thesis studies the basic molecular mechanisms of DNA 
mismatch repair in Escherichia coli from a structural 
standpoint. It provides structural information on three 
important aspects of the functions of MutS. These are, the 
binding of the DNA mismatch, the binding of nucleotides and 
the associated conformational changes, and finally, the link 
between the residues involved in mismatch binding and the 
long range signalling that takes place between the mismatch 
binding and ATPase domains. Crystal structure determination, 
site directed mutagenesis and biochemical approaches have 
been used to unravel the details of this complex and 
interesting process. 
 
Chapter 2 describes the crystal structures of Escherichia coli 
MutS in complex with A.A, C.A, and G.G mismatches, and also 
with an unpaired thymidine. MutS is an asymmetric dimer 
comprising of two monomers, A and B. Only monomer A binds 
directly to the mismatch. The DNA in all the structures 
reported here is kinked by an angle of 60º. Two highly 
conserved residues, Glu 38 and Phe 36, do mismatch 
recognition. Phe 36 stacks onto one of the mismatched bases 
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and the same base is oriented so that a nitrogen on it can act 
as a hydrogen bond donor to the acid group on the sidechain 
of Glu 38. The kinking of the DNA widens the minor groove 
containing the mismatch, giving the protein enough room to 
reorient the DNA bases from their protein-unbound 
conformation, to achieve this. The Phe 36 can stack on either 
a purine or pyrimidine of the mismatch. When the stacking is 
on a pyrimidine, the N3 forms the hydrogen bond with Glu 38, 
and when it stacks on a purine, with the N7 accompanied by 
the flipping of the base from the anti to the syn orientation.  
Based on these findings, it can be proposed that MutS has a 
common mismatch-binding mode that it uses to bind to all the 
different mismatches. 
 
Chapter 3 describes the crystal structure of MutS in a new 
crystal form, which has some interesting features including a 
highly disordered mismatch-binding domain of monomer B. 
The most interesting new feature here is that no magnesium is 
to be found in the ATPase domain of monomer A, although 
ADP is still present. This orders the signature loop of the 
opposing monomer B, enabling a highly conserved serine, 
S668 located on this loop to get exposed to the beta 
phosphate tail of the ADP. Comparisons of this structure with 
previous MutS structures, reveals that the removal of Mg leads 
to substantial domain movements within the ATPase domains. 
Mg is shown to be biochemically essential for effective ADP-
ATP exchange, following binding of the mismatch. Further 
comparisons with Mg free intermediates in G-proteins, suggest 
that this new structure is an important, new intermediate in 
the ATPase cycle of MutS. 
 
Chapter 4 describes the role of Glutamate 38 in mismatch 
binding, the verification of mismatch binding and the initiation 
of repair. Glu 38 is one of the two residues that actually 
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contact the mismatch by forming a hydrogen bond to one of 
the mismatched bases. By mutating this glutamate to alanine, 
threonine and glutamine, the roles of the hydrogen bond and 
the negative charge of the acid have been investigated. In 
vivo mismatch repair assays based on complementation of 
mismatch repair reveal that the E38T and E38Q can repair 
mismatches, and the E38A cannot do so as effectively. In a 
series of binding studies the role of this residue in mismatch 
discrimination was studied. DNA bandshifts using end blocked 
substrates show that in the presence of ATP, the affinity for 
the wild type protein for the mismatched substrate is 
increased while that for a homoduplex substrate is eliminated, 
proving the verification of mismatch binding by ATP binding. 
Rapid quench ATPase assays show that while mismatched 
DNA can inhibit the first rapid turnover of ATP in the wildtype, 
E38T and E38Q, it cannot do so for the E38A. Surface plasmon 
resonance experiments with double end blocked DNA 
substrates show that E38A releases the mismatched DNA 
much faster than the wildtype, E38T and E38Q, upon injection 
of ATP following mismatch binding. These data suggest that 
the E38A is unable to form a stable mismatch-DNA-ATP state, 
required to initiate downstream events in the mismatch repair 
pathway. Finally, the crystal structures of E38, E38T and E38Q 
in complex with a mismatched DNA show that the E38A alone 
is unable to form a hydrogen bond to the mismatched base. 
Since the rate of ATP exchange is the same for all the mutants 
and the wildtype protein, it can be concluded from all this 
data, that the hydrogen bond between residue 38 and the 
mismatched base is needed for the effective transfer of the 
signal between the ATPase domains and the mismatch binding 
domains following nucleotide exchange, leading to the 
formation of the proper ATP state, which can initiate 
downstream events. This is a very remarkable signalling 
process as it takes place over a distance of around 100 Å, the 
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distance separating the mismatch binding domains from the 
ATP binding site.  
 
Thus, MutS uses the initial instability due to the mismatch to 
bind it using a binding mode that is common to all 
mismatches. Following this, it takes up ATP to verify mismatch 
binding. This is followed by the formation of the ATP state, 
which is made to exist long enough by the inhibition of ATPase 
activity, so that down stream events can be initiated. All this is 
accompanied by several domain movements in the highly 
flexible protein, which are crucial to its function.  
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De integriteit van het genoom in organismen is afhankelijk 
van een serie gespecialiseerde DNA reparatiemechanismen 
die er op gericht zijn mutaties en fouten in het DNA op te 
sporen en het reparatieproces op te starten. Het DNA 
mismatch repairsysteem vormt één van deze processen. Het 
spoort fouten op die ontstaan vanwege foutieve base-
paringen (zgn. mismatches) of inserties en deleties die 
ontstaan door fouten van de polymerase tijdens replicatie of 
door foutieve recombinatie. 
Het belang van dit specifieke reparatiemechanisme is duidelijk 
omdat een defect in een van de interacterende mismatch 
reparatie eiwitten mensen een predispositie geeft voor 
kanker, met name, HNPCC oftewel Hereditary Non 
Polypolyposis Colorectal Cancer. Daarnaast voorkomen de 
mismatch reparatie eiwitten de recombinatie tussen soorten. 
In dit proefschrift wordt het moleculaire mechanisme van 
DNA mismatch reparatie in Escherichia coli vanuit een 
structureel oogpunt onder de loep genomen. Er worden drie 
belangrijke aspecten van de functie van MutS behandeld. 
Deze zijn ten eerste de binding van de DNA mismatches, ten 
tweede de binding van nucleotiden met de bijkomende 
conformatieveranderingen, ten derde de link tussen de DNA 
herkenning en de nucleotidebinding. Structuurbepalingen, 
mutaties op specifieke plaatsen en biochemische methoden 
zijn gebruikt om de bijzonderheden van dit complexe en 
interessante proces van mismatch reparatie te onthullen. 
 
Hoofdstuk 2 beschrijft de kristalstructuren van het 
mismatch reparatie eiwit MutS afkomstig uit Escherichia coli. 
Het beschrijft structuren van dit eiwit gebonden aan 
verschillende mismatches, zoals A.A, C.A. en G.G mismatches 
en een ongepaarde thymine. MutS is een asymmetrische 
dimeer, die bestaat uit de twee monomeren A en B. Alleen 
monomeer A bindt direct aan de mismatch. Het DNA in deze 
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structuren is geknikt in een hoek van 60 graden. 
Mismatchherkenning wordt bewerkstelligd door twee sterk 
geconserveerde aminozuren in MutS, respectievelijk 
glutamaat 38 (Glu38) en fenylalanine 36 (Phe36). Tijdens 
mismatchherkenning wordt Phe36 op een van de fout 
gepaarde basen in het DNA ingevoegd, hetzij op een purine 
of een pyrimidine. Hierdoor wordt het DNA geknikt en dit 
verwijdt de ’minor groove’, die de mismatch bevat. Op deze 
manier heeft het eiwit de ruimte om de base opnieuw te 
oriënteren, zodat een stikstof (N), die zich op de base 
bevindt, een  waterstofbrug kan aangaan met de zuurgroep 
aan de zijketen van Glu 38. Als Phe 36 op een pyrimidine 
gaat zitten, dan vormt de N3 een waterstofbrug met Glu 38. 
Gaat Phe 36 echter op een purine zitten, dan wordt de base 
omgeklapt van anti naar syn oriëntatie en vormt de N7 een 
waterstofbrug.  
Gebaseerd op deze gegevens kan worden gesteld dat MutS 
een standaard mismatch bindingsmodus heeft, die gebruikt 
wordt om de verschillende mismatches te binden. 
 
Hoofdstuk 3 beschrijft een nieuwe kristalvorm van MutS die 
een aantal interessante kenmerken heeft, zoals het uiterst 
ongeordende mismatchbindingsdomein van monomeer B. Het 
meest belangrijke nieuwe kenmerk is dat er geen magnesium 
kan worden gevonden in het ATPase domein van monomeer 
A, hoewel ADP wel nog steeds aanwezig is. Dit ordent de 
signature loop van de tegenoverstaande monomeer B, wat 
het mogelijk maakt voor de sterk geconserveerde serine S668 
in deze loop om contact te maken met de betafosfaatstaart 
van de ADP. 
Door deze nieuwe kristalstructuur met eerdere MutS 
kristalstructuren te vergelijken, wordt duidelijk dat de 
verwijdering van magnesium leidt tot substantiële 
conformatieveranderingen in de ATPase domeinen. In een 
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serie biochemische proeven blijkt dat magnesium essentieel is 
voor effectieve ADP-ATP uitwisseling, na binding van de 
mismatch. Verdere vergelijkingen met magnesiumvrije 
tussenvormen van G-eiwitten, eiwitten die GDP en GTP 
binden, suggereren dat deze nieuwe structuur een belangrijke 
nieuwe intermediair is in de ATPase cyclus van MutS. 
 
Hoofdstuk 4 beschrijft het contact tussen DNA herkenning 
en ATP binding.  
Glu38 is één van de twee MutS residuen die daadwerkelijk 
contact maakt met één van de foutief gepaarde bases door 
middel van de vorming van  waterstofbruggen. Door mutatie 
van deze glutamaat naar alanine (E38A), threonine (E38T) en 
glutamine (E38Q) werden de rollen van 
waterstofverbindingen en de negatieve lading van de zure 
zijketen onderzocht. In vivo mismatch repair assays 
gebaseerd op complementatie van mismatch repair onthult 
dat de E38T en E38Q mutanten de fout gepaarde basen 
kunnen herstellen, terwijl de E38A dit niet goed kan.  
In een reeks van bindingsexperimenten werd de rol van dit 
aminozuur in mismatch discriminatie onderzocht. In 
experimenten, waarin DNA-eiwit interacties kunnen worden 
aangetoond door veranderingen in het DNA banden patroon 
(zgn. Band-shifts), is door het gebruik van DNA, waarvan één 
of beide van de uiteinden is voorzien van een blokkade, 
inzichtelijk gemaakt dat de affiniteit van wildtype MutS voor 
substraat met foutief gepaarde basen hoger wordt in 
aanwezigheid van ATP. Voor homoduplex substraat 
daarentegen verdwijnt de affiniteit, wat bewijst dat verificatie 
van mismatch binding afhangt van ATP binding.  
Met ‘rapid-quench’ fluorescentie experimenten, werd duidelijk 
dat in het wildtype MutS en de mutanten E38T en E38Q de 
eerste, snelle, ATPase activiteit wordt geremd na binding van 
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een mismatch, maar dat dit niet het geval is voor de E38A 
mutant.  
Oppervlakte plasmon resonantie (SPR) experimenten, waarin 
een oligonucleotide op de chip, aan beide kanten is voorzien 
van een blokkade, laat zien dat de E38A mutant na mismatch 
binding en injectie van ATP het verkeerd gepaarde DNA veel 
sneller loslaat dan het wildtype of de E38T en E38Q MutS. 
Deze gegevens suggereren dat de E38A de stabiele toestand 
niet vormt waarin het zowel het mismatch DNA als de ATP 
gebonden heeft. Deze toestand is nodig om erop volgende 
processen in de mismatch pathway te initiëren.  
Tenslotte laten de kristalstructuren van de verschillende E38 
mutanten van MutS met DNA dat een mismatch bevat, zien 
dat E38A de enige mutant is die geen waterstofverbinding 
met de mismatch kan maken. Daar de snelheid van ATP 
uitwisseling hetzelfde is voor alle mutanten en wildtype MutS 
kan worden geconcludeerd dat de waterstofbruggen tussen 
residu 38 en de foutief gepaarde base nodig is voor een 
effectieve doorgave van het signaal van het ATPase domein 
naar het mismatch bindingsdomein, welke volgt op nucleotide 
uitwisseling. Dit signaleringsprocess is opmerkelijk, omdat het 
plaats vindt over een afstand van 100 Ångstrøm. Het signaal 
leidt tot de juiste ATP toestand van het eiwit die nodig is om 
de reparatie op te starten. 
 
Op deze manier gebruikt MutS de instabiliteit, die inherent is 
aan een foutieve paring van de basen, om de mismatch te 
binden. MutS gebruikt de ATPbinding om de herkenning van 
de mismatch te verifiëren. Door de remming van de ATPase 
activiteit van MutS, blijft de gevormde ATP-gebonden 
toestand voldoende lang in stand, zodat de reparatie kan 
worden gestart. Dit alles gaat samen met 
positieveranderingen van de domeinen, welke noodzakelijk 
zijn voor de functie van dit uiterst flexibele eiwit. 
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Crystal structures of MutS mutants N616A and H728A 
in complex with a G.T mismatch. 
 
Ganesh Natrajan, Herrie H K Winterwerp and Titia K Sixma. 
 
Division of Molecular Carcinogenesis, The Netherlands Cancer 
Institute, Amsterdam, The Netherlands. 
 
 
Introduction 
 
An important part of our ongoing studies on the ATPase cycle of E. coli 
MutS involves crystallographic work on MutS and its mutants in complex 
with different nucleotides. We have studied a number of residues known 
to be important in the ATPase cycle of the ABC ATPase superfamily of 
proteins. Almost all of these residues are located in the three most 
important loops involved with ATP binding and hydrolysis, namely, the P-
loop, Walker B motif, the signature loop, and the conserved histidine 
H728.  
This appendix discusses the crystal structures of two mutants, N616A and 
H728A. N616 is the conserved asparagine that is located at the beginning 
of the P-loop, while the histidine H728 is a widely conserved residue in 
the MutS family and other ABC transporters. Both these mutant proteins 
have been reported to be defective in mismatch binding, ATPase activity, 
and tightening of the dimer upon ATP binding (1). To be able to 
understand the biochemical properties of these mutants better, we solved 
their structures in complex with a DNA containing a G.T mismatch, and 
different nucleotides (Table 1).  
 
Materials and Methods 
 
The mutated proteins were made as described previously (1). The 
crystallization in complex with a 30 basepair DNA was carried out as 
reported previously (2,3). N616A was co-crystallized with ATP and 
AMPPNP, instead of ADP used in all the previous structures. H728A was 
co-crystallized as before with ADP (3) for the ADP-Mg complex. The 
crystals of H728A-ADP were soaked for 1 minute in the cryobuffer 
containing 1 mM ATP prior to freezing, to obtain the H728A-ATP structure. 
Data were collected at the ID14EH1 (N616 structures) and the ID14EH2 
(H728 structures) beamlines at the ESRF in Grenoble. The data were 
processed using MOSFLM and SCALA (4). The structures were solved as 
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previously described (3). The high resolution H28A-ATP structure was 
autotraced by ARP/wARP (5). All refinements were carried out using the 
REFMAC5 program (6), in the CCP4 suite (7). The structures were 
analysed using COOT (ref) and checked for errors using WHATCHECK (8). 
Figure 1 was made using PYMOL (© De Lano Software). 
 
Results 
 
MutS N616A was co-crystallized with ATP and AMPPNP to yield ADP-Mg in 
the ATP binding site of monomer A, the one which also binds to the 
mismatch. H728A was co-crystallized with ADP to yield ADP-Mg in its 
monomer A and an empty monomer B, a configuration observed in 
several of our previously reported MutS structures. The structure of the 
H728-ATP soak has ATP-Mg bound to the monomer A, and surprisingly, 
ADP bound to the monomer B. A notable feature of the H728A structures 
is that the signature loops of monomer B are visible, in both the ADP and 
ATP bound structures. Presented here are the results of further analyses 
of both these structures. 
 
H728A structures 
 
Histidine H728 in MutS is structurally important, as it hydrogen bonds with 
the N616 side chain, allowing for the gamma phosphate of the ATP to be 
accommodated (9). This conserved histidine, which is a glutamine in 
many other ABC ATPases, is by itself an important motif. Biochemical 
studies on the H728A mutant have revealed that (9) it has a highly 
reduced ATPase activity compared to the wild type protein and is also 
very defective in the ATP induced dimerization. This mutated protein is 
also toxic to the growth of cells, but is surprisingly capable of mismatch 
repair complementation in a MutS deficient strain, in an assay which tests 
for mutations conferring rifampicin resistance (data not shown). We have 
solved the structure of this mutant in two different nucleotide forms. 
Crystallization of this mutant under standard conditions (3) yields the 
complex with ADP-Mg in monomer A and no nucleotide in monomer B (Fig 
1A). The mutation of H728 causes some interesting changes in the ATP 
binding site. The N616 interacts with the S668 of the opposing monomer, 
and the signature loop is fully visible. Since this is a requirement for the 
completeness of the ATP binding site, it can be said that the state of the 
protein represented in this structure is one in which it is primed to 
exchange the bound ADP for ATP. 
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 H728A-

ADP 
H728A-
ATP 

N616A-
ATP 

N616A-
AMPPnP 

Resolution (Å) 20 – 2.5  
(2.6 – 2.5) 

20 – 2.1  
(2.2 – 2.1) 

20 – 2.8  
(2.9 – 2.8) 

20 – 2.3  
(2.4 - 2.3) 

I/σ(I) 10.6 (1.6) 6.1 (1.0) 4.7 (1.5) 10.5 (1.3) 
Completeness(%) 99.3 (99.4) 100 (100) 94.4 (94.2) 99.8 (99.6) 
Rmerge (%) 11.3 (76.3) 9.1 (60) 19.7 (82.8) 11.4 (94) 
Rmerge (20 - 5 Å) 6.3 3.6 8.0 5.4 
     
R (%) 20.9 20.3 23.5 19.6 
Rfree (%) 26.2 24.7 28.8 24.4 
Rmsd bond (Å) 0.013 0.012 0.007 0.014 
Rmsd angle (º) 1.50 1.37 1.03 1.53 
No of atoms 13191 13552 13089 13289 
 
Table 1. Crystallographic data. Values in parenthesis are those of the highest 
resolution shell. 
 
 
Upon soaking the crystal of H728A-GT mismatch-ADP-Mg into ATP, we 
obtained another structure of this mutant in complex with ATP-Mg. This 
structure has ATP-Mg bound in monomer A (Fig 1B) and an ADP in 
monomer B (Fig 1C). It has been shown that this mutant does not retain 
the ADP in the monomer A upon purification (1). So any nucleotide bound 
in the ATPase domains could have come only either as a consequence of 
co-crystallization (as in the ADP-Mg structure), or due to the hydrolysis of 
the ATP bound during the soak. The ADP in monomer B is clearly a result 
of the hydrolysis of a previously bound ATP, since it is empty in the 
H728A-ADP-Mg complex discussed earlier. This is the first structure of 
MutS in a mixed state i.e., with two different nucleotides bound in it.  
In the monomer A of the H728A-ATP soak, the N616, now unable to make 
a hydrogen bond with residue 728, stabilizes itself by forming a hydrogen 
bond with the only other residue in its immediate vicinity, the visible S668 
on the signature loop of the opposing monomer (Fig 1B). The binding of 
the mismatch and the other parts of the protein are very similar to the 
wild type structure, with no domain movements seen either in the H728A-
ADP-Mg structure or in its ATP soak. In monomer B the ADP is seen 
bound without Mg, and the signature loop of the opposing monomer A is 
invisible. This is in contrast to the Mg free, ADP bound intermediate of the 
wild type MutS (Chapter 3 of this thesis), where the signature loop is fully 
visible and ordered. However, the N616 in the monomer B now makes a 
hydrogen bond to E694 (Fig 1 C), and the P- loop of this monomer itself is 
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pulled aside, away from the beta phosphate of the ADP. This suggests 
that this ADP may be loosely bound. Interestingly, it has been proposed 
before that the ADP.MutS.ATP state (ADP in monomer B, ATP in monomer 
A) may be the one in which MutS binds to the mismatch (10). The 
previously proposed result (10) that the binding of a mismatch inhibits 
ATP hydrolysis in the high ATP affinity monomer while ATP hydrolysis 
continues slowly in the other monomer, may also explain the ADP in 
monomer B if monomer A is assumed to be the one with high affinity. If 
so, it is indeed strange that this state must be revealed in the crystal 
structure of a mutant that has highly reduced steady-state ATPase activity 
compared to the wild type. The ongoing studies on the ATPase cycle of 
this mutant will reveal more about its properties. 
 
N616A structures 
 
The MutS mutant N616A shows a drastic reduction in steady state ATPase 
activity, dimerization upon ATP binding, and exhibits a severe mutator 
phenotype in-vivo (1). Previous studies have shown that this residue 
enables the binding of the gamma phosphate by coordinating with H728 
when ATP is bound (9). In the structure of a Mg-free intermediate of 
MutS, the N616 moves into the void created by the absence of Mg to 
coordinate with H728 and the beta phosphate, enabling the signature loop 
to move in (Chapter 3 of this thesis). From both these structures, it can 
also been seen that the proper orientation of N616 is also needed to 
position the signature loop correctly, to complete the ATPase active site. 
An interesting observation in all these structures is that the conformation 
of the P-loop itself does not vary very much. The different nucleotide 
binding states are simply achieved by moving the N616 side chain around. 
As mentioned earlier, the crystals of N616A were grown separately in 
presence of ATP and AMPPnP. The final structures (Fig 1 D), show an 
ADP-Mg bound to the monomer A’s ATPase site, while that of the 
monomer B is empty. This could mean that either the ATP/AMPPnP hasn’t 
been able to bind the protein, or has actually been slowly hydrolyzed after 
binding. Given that the N616A possesses much reduced ATPase activity 
and ATP binding affinity compared to the wild type (1), the latter 
explanation seems more plausible. The former explanation is unlikely 
since the co-crystallizations and soaks have been done in a vast excess of 
nucleotide. 
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Figure 1. ATP binding site of (A) monomer A in the structure of 
H728A-ADP, (B) Monomer A of H728A-ATP, (C) Monomer B of 
H728-ATP and (D) Monomer A of N616-AMPPnP. The Mg is 
shown as a green sphere, and its coordinating waters as red 
ones. All figures are stereoviews. The original colour figure can 
be viewed in http://ganeshthesisfigures.org. 
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The signature loops of both monomers are also invisible, which is 
expected given the importance of the N616 sidechain orientation for this. 
The mismatch binding is identical to the wild type (2) and no domain 
movements are seen between the wild type and the mutant structures. 
 
Discussion  
 
Here we present crystal structures of ATPase mutants of E. coli MutS. 
These structures have undergone conformational changes in the ATP 
binding site. The structure of MutS N616A shows a disordered signature 
loop in the presence of Mg.ADP. In vivo, N616A exhibits a severe mutator 
phenotype (9), which may be attributed to the reduction in ATPase 
activity. Absence of H728 allows ordering of the signature loop in the 
presence of ADP-Mg, which is normally not observed. Soaking the ADP-Mg 
crystal into ATP has created a mixed ATP/ADP state, which is thought to 
be important in the MutS cycle (10). These structures are therefore 
intriguing, especially since this mutant protein is defective in ATP binding 
and hydrolysis, but is competent for DNA repair. For complete 
understanding of this defect and the implications of the H728A structures, 
additional biochemical data are required. The difference in 
complementation of a MutS defective strain can not be explained yet by 
the structures and requires additional biochemical analysis. 
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