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Introduction



Genomic stability and DNA mismatch repair

The genome

Every cell contains deoxyribonucleic acids (DNA), long macromolecules that hold the
genetic information. This DNA codes for the proteins that need to be made for the cell
and, if multicellular, for the whole organism to grow and maintain itself. Although the
nucleotide building blocks of DNA are identical, the exact order of the nucleotides in the
chains is different for every organism, and even for every individual.

In 1953, the general structure of the DNA chain was published (1). Since this structure
showed a double helix of two DNA strands with always the same nucleotide bases paired
opposite each other (G/C and A/T), it immediately suggested a copying mechanism for the
DNA. Indeed it has been long confirmed that at every cell division, the DNA strands of the
genome are duplicated by separating the two strands in the DNA helix, and building new
complementary nucleotides to pair with each nucleotide in the parent strands.

The DNA polymerases perform the task of placing new nucleotides opposite their
complementary partner, making sure that both daughter cells will contain the same genetic
information as the parent cell. This is a great undertaking since cells contain between half
a million nucleotides (some mycoplasma bacteria (2)) to 3 billion (humans) or even over
100 billion (some plants) (3). With such numbers, making errors is inevitable. To reduce
the chance of making errors, the generic DNA replication polymerases themselves contain
a ‘proofreading’ mechanism. In this proofreading, the polymerase checks for correct base
paring after a nucleotide has been built, and removes the nucleotide if incorrect, which
reduces the error rate 10-100 fold (4). Depending on the conditions and the organism, the
polymerase thus only leaves an error in the DNA about once every 10 million base pairs.

To reduce the number of remaining errors, referred to as DNA mismatches, almost all
cellular organisms contain a DNA mismatch repair (MMR) system. This system comprises
several proteins that together recognize mispaired nucleotides and make sure that part of
the new DNA strand, containing the error, is removed and resynthesized. This reduces the
number of errors 100-1000 fold (4,5). In cells that are deficient in MMR, there is a bigger
chance that errors end up being permanently incorporated in genes that are essential for
cell maintenance. This may result in cell death, which usually will not directly harm a
multicellular organism. However, if genes are affected that control cell development, stress
response or cell division, this could result in tumorigenic growth. Therefore, mismatch
repair deficiency increases the risk of developing cancer. In humans, loss of a single allele
of one of the mismatch repair genes predisposes to hereditary non-polyposis colon cancer
(HNPCC), also known as Lynch syndrome (6).
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DNA mismatch repair

The basic elements of the DNA mismatch repair mechanism have been conserved from
prokaryotes to higher eukaryotes. MMR is able to correct most base-base mispairs, but
also small insertions or deletions loops (IDLs) (7-10). Defective MMR results in a mutator
phenotype. To understand how the general MMR system works, the bacteria Escherichia
coli is widely used as a model organism.

In E. coli, MMR involves the following cascade: first, the MutS protein recognizes and
binds a mismatch in DNA. MutS then binds adenosine triphosphate (ATP) and undergoes
a conformational change to form a sliding clamp on DNA (11,12). MutL specifically
binds to this MutS sliding clamp (13-15), and then activates the endonuclease MutH (16).
MutH is able to discriminate between daughter and parent DNA strands by the absence
of adenine methylation at d(GATC) sites within newly synthesized DNA, and functions
to make a nick in the daughter strand. MutL also activates the helicase UvrD (17), which
unwinds the DNA starting from the nick, while exonucleases remove the unwound strand,
thereby eliminating the newly incorporated mispaired nucleotide. The DNA can then be
resynthesized by the DNA polymerase III complex, after which ligase seals the nick (8).

The eukaryotic MMR system follows essentially the same initiation steps, except that
no MutH protein is present. The nicking step in eukaryotic cells is either performed by
an endonuclease activity in MutL homologs (18), or nicks present in Okazaki fragments
are used as a starting point for repair (9,19). Association of the MMR proteins with the
replication sliding clamp PCNA is thought to direct strand discrimination (20,21).

The MMR system is essential to maintain genomic stability, and its molecular mechanism
and efficiency have fascinated many scientists. The separate MMR steps, the movements
of the molecular machines and the communication of the recognition of an error with
the strand discrimination are extensively studied. Yet several aspects of the MMR cascade
remain unclear and the existing models differ in mechanistic aspects, such as whether
MutS leaves the mismatch, whether looping of DNA is necessary, or how many MutL
molecules are required (11,15,22,23).

Conservation of MMR proteins
Homologs of MutS and MutL proteins have been found in almost all cellular organisms,
including prokaryotes, archaeabacteria, yeast, plants and mammals. Eukaryotic MMR is
more complex than the prokaryotic pathway, involving different sets of homologs that are
specialized in different types of MMR.

Prokaryotic MutS proteins act as homodimers on DNA, but the specific mismatch
recognition is performed by one of the two subunits, making this an asymmetric dimer
(24-26). In contrast to the prokaryotic homodimer, the eukaryotic MutS homologs form

heterodimers, illustrating a need for asymmetric association. There are at least eight
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eukaryotic homologs for MutS: MSH1 (MutS homologue 1), MSH2, MSH3, MSH4,
MSH5, MSH6, MSH7, and MSHS, although not all are involved in MMR (27). The
complex of MSH2 and MSH6, known as MutSa, is the main player in eukaryotic MMR.
It is able to recognize DNA mismatches and single base insertions and deletions (28,29).
The complex of MSH2 and MSH3 forms a second mismatch repair heterodimer, MutSp.
This heterodimer is involved in recognizing and repairing IDLs from 2 to 16 nucleotides
(30). Neither hMSH6 nor hMSH3 are stable in the absence of the smaller heterodimeric
partner hMSH?2 (28). MSH1 is found in plants and yeast, and suppresses homeologous
mitochondrial DNA exchange (31). A complex formed by MSH4 and MSHS5 is found
to function in meiotic recombination (27), which is further described below. MSH7 is
present in plants and is thought to have evolutionary diverged from MSH6 (32). It also
forms a heterodimer with MSH2, known as MutSy, but this complex preferentially binds
to different subsets of mismatches than MutSa (33). Finally, the homolog MSHS8 was
identified in Euglenozoa, but its function is not characterized at this time (27).

Also for MutL, several different eukaryotic homologs are known: MLH1 (MutL
homologue 1), MLH2, MLH3, PMS1 (post-meiotic segregation 1) and PMS2. As is the
case for MutS proteins, the eukaryotic MutL homologs form functional heterodimers
while the prokaryotic MutL protein acts as a homodimer. MutLa (human MLH1/PMS2
or yeast MLH1/PMS]1) is the main MutL protein complex that functions in MMR (34,35),
although MutLy (MLH1/MLH3) has a partially redundant function (36,37). The function
of a third heterodimer, MutLf (human MLH1/PMSI1 or yeast MLH1/MLH?2), is not fully
understood, but it may enhance the function of MutLa in MMR (38,39). No eukaryotic
homolog is known for MutH, the endonuclease that is essential for nicking in E. coli MMR.
Instead, it is suggested that nicking of the DNA is performed by the endonuclease activity
of MutL homologs, which resides in the C-terminal domains of PMS2 or MLH3 in humans
(18).

Involvement in other cellular mechanisms

MMR is directly coupled to replication via interactions of MutS and MutL proteins with
the sliding clamps of the replication machinery (B-clamp in prokaryotes and PCNA in
eukaryotes) (20,40,41). This ensures that replication can immediately be followed by
removal of any incorporated errors. Besides preventing the incorporation of replication
errors, MMR also functions to inhibit recombination between non-identical DNA strands
(homeologous recombination) (42,43). MMR is then activated by mismatches that arise in
regions of recombination intermediates. Furthermore, MMR proteins are found to guard
the genome by involvement in cell cycle regulation and signalling functions, among which
chromosome pairing during meiosis (44), and DNA damage signalling, especially during
G2 phase, leading to apoptosis (45-51).
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In contrast, the presence of MMR in cells can also have a mutagenic effect. MMR
recognizes and repairs small IDLs and usually has a preventive role in triplet repeat
expansion, in which repeat tracts in DNA are increased in size which can cause several
common neurodegenerative diseases. However, the expansion of longer repeat tracts is
in some cases dependent on the presence of functional MMR proteins (52). Similarly,
MMR is involved in promoting hypermutation during the formation of the repertoire of
immunoglobulins in B lymphocytes (53,54).

In recombination before the first division of meiosis, MutS homologs MSH4 and MSH5
are known to promote crossover. While MutSa can prevent initiation of recombination by
binding to heteroduplex regions in D-loops (55), the MSH4/MSHS5 heterodimer binds to
Holliday junctions in meiosis to stabilize and preserve recombination intermediates (56).
This is essential for proper chromosomal segregation in the first meiotic division, while
MSH4/MSH5 may have additional functions in maintaining genome stability (57). The
MSH4/MSH5 complex is predicted to be structurally similar to known MutS dimers, but
with a larger cavity for DNA (58). Similar to mismatch-repair MutS proteins, the MSH4/
MSHS5 complex undergoes a ATP-driven conformational change upon recognition of its
substrate, forming a sliding clamp that embraces two homologous DNA duplexes. MSH4
interacts with MLH1 and MLH3 during meiosis (59,60) and MutLy binds to Holliday
junctions too (61), while lack of MLH1 or MLH3 results in aberrant meiosis (62,63). This
suggests that also in this system, the MutS proteins work together with MutL homologs.

Although the diverse functions of the homologous proteins indicate a complex
involvement in eukaryotic cellular mechanisms, the conservation and structural similarities
of the homologs suggest that similar mechanisms are utilized. Understanding of the basic

mechanism of MutS and MutL proteins can therefore be extrapolated to multiple systems.

Functional states of MutS

Structural organization of MutS
MutS proteins of different species are structurally very similar. They form dimers with each
subunit consisting of multiple domains (Figure 1A). MutS proteins belong to the ABC
(ATP-binding cassette) family of ATPases, of which the members use ATP to regulate their
activity (64). The main dimerization interface in MutS proteins is formed by the ATPase
domains, thus creating two composite active sites for ATP.

Two different domains are involved in binding of DNA. The clamp domains in the
dimer embrace the DNA helix, and are connected to the core of the protein by helices in

the lever domains. The mismatch recognition is performed by the N-terminal mismatch-
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Figure 1. MutS proteins. A) E. coli MutS and human homologs and their domains. Domains are colored
as in the schematic representation in the crystal structure of full-length E. coli MutS (PDB entry 3ZLJ).
B) Crystal structure of E. coli MutS bound to a GT mismatch (PDB entry 1E3M). C) Crystal structure of
human MutSa bound to a GT mismatch (PDB entry 208B). D) Crystal structure of human MutSp bound
to an IDL of 3 bases (PDB entry 3THX).

binding domains of only one subunit in the prokaryotic homodimer (24,25), or specifically
by MSH6 in MutSa (65) and predominantly by MSH3 in MutSp (66).

The mismatch-binding domain is attached to the connector domain. This domain is
important for interaction with MutL proteins (67), as are the core and ATPase domains
((68), Figure 3C). Towards the C-terminal end of the dimeric association, there is a helix-
turn-helix domain which is required for dimer stability and interacts with the ATPase

domain of the opposite subunit (69).

MutS cycles through different states.

Conformational changes in MutS allow for switching between the different steps in its
mechanism (Figure 2). These steps are linked to its nucleotide status, in which MutS uses
ATP to validate mismatch recognition. In solution, MutS homodimers and heterodimers

hydrolyze ATP in an asymmetric manner (70-72), which is important for mismatch
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Figure 2. Schematic representation of the predominant states of the MutS cycle. (1) In solution, MutS
is in equilibrium between tetramers and dimers. (2) The clamp domains are flexible in solution, which
allows for initial binding of a DNA helix. (3) A MutS dimer recognizes a DNA mismatch (depicted as pink
star), kinking the DNA at the site of the mismatch. (4) After mismatch recognition, MutS forms an ATP-
induced sliding clamp on DNA. (5) The MutS sliding clamp binds via two interfaces to MutL, which loads
MutL onto DNA. (6) MutL promotes downstream events (endonuclease and helicase activities). (7) MutS
releases DNA at a ssDNA region. (8) MutS hydrolyzes ATP and becomes available again for new cycles.

recognition. Once a mismatch has been recognized, the ADP in MutS is rapidly released and
exchanged for ATP (73-75), and ATPase activity is suppressed (71,73,76,77). Both binding
sites may then become occupied by ATP, which is thought to induce a conformational
change in MutS that signals for repair by activating MutL (71,74-76).

The different states of MutS and their structural features will be discussed below.

MutS in dimer-tetramer equilibrium
E. coli MutS can transiently tetramerize through interactions between C-terminal domains

of MutS dimers (78,79). Because of the unstable nature of the tetramerization, E. coli
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MutS exists in equilibrium of dimers and tetramers in solution. The exact function of
the tetrameric assembly is unknown, but it has been suggested to be important for the
antirecombination function of MutS (80). For MMR, tetramerization is not required, as
observed by functional assays with MutS point mutants that do not tetramerize (81,82).
Truncation of the tetramerization domain results in a mutator phenotype (83), but this is
probably due to the decreased dimer stability of the truncation variant. The tetramerization
of E. coli MutS results in prolonged DNA binding by the protein, since the two dimers
within a tetramer can simultaneously bind DNA, making release a slow event (79).

For the eukaryotic MutS homologs, tetramerization has not been reported, but
C-terminus of MutSP shows a very similar double helix-loop-helix fold as the C-terminal
domain of the E. coli protein (66), and it is possible that this domain can support
tetramerization as well. A difference between these proteins, however, is the way that the
C-terminal domain is linked to the rest of the protein. In E. coli MutS, the linker region is
flexible, which allows ‘bending over’ of the dimers within the tetramer (79). In the human
protein, the C-terminal domains are linked by a a-helix of MSH3 as shown in the crystal

structure, suggesting a more rigid conformation.

Pre-DNA binding state

DNA-free crystal structures of MutS proteins show disorder of the DNA clamp domains
(25) or kinking of the helices in the lever domain into different directions (Figure 3A,
Chapter 3). This indicates that, in the absence of DNA, there is conformational flexibility
of the clamp domains that can embrace the DNA helix. Such conformational flexibility

Figure 3. Crystal structures of E. coli MutS in different conformations. A) DNA-free MutS (Chapter 3),
B) mismatch-bound MutS with its tetramerization domains shown in salmon and red (PDB entry 3ZL],
Chapter 2), C) the MutS sliding clamp bound to the N-terminal domain of MutL (green) (Chapter 4).
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suggests a way of ‘opening up’ to allow DNA to enter the MutS dimer. The opening of
the clamp domains would then also function to release from DNA if no mismatch was
recognized by the mismatch-binding domains.

The kinking occurs in the same two helices (at residues 441-443 and 515-517) in both
subunits of the DNA-free E. coli dimer (Figure 3A), which suggests that this is a specific
hinge point for this movement. This region already displayed high B-factors (indicating
some degree of disorder) in previous crystal structures of DNA-bound MutS. This
hypothesis is supported by preliminary assays in which mutations in these specific helical
regions, attempting to stabilize (prevent kinking) or destabilize (promote kinking) them,
influence DNA binding kinetics (Chapter 3). This shows the need for a balance between a
stable helical fold and the possibility to kink.

Mismatch-recognition state

Several crystal structures of MutS or homolog recognizing DNA mismatches have been
published (Figure 1, Figure 3B): E. coli MutS bound to DNA mismatches (24,26,79,84),
Thermus aquaticus MutS bound to DNA containing an unpaired thymidine (25), the human
MutSa bound to different DNA substrates (65) and human MutSp bound to different DNA
substrates (66). All these structures show similar arrangement of MutS dimers, in which
the clamp domains embrace the DNA duplex and one of the mismatch binding domains
contacts the DNA at the site of the mismatch (Figure 1, Figure 3B).

During mismatch recognition, MutS proteins kink the DNA at the site of the mismatch;
in E. coli by an angle of approximately 60 degrees (24). It is thought that this is a way to
sample the reduced helical stability due to distorted base pairing of the DNA (85). In E.
coli, the asymmetry of mismatch recognition initially results in asymmetry of the ATPase

domains in which the mismatch-contacting subunit binds ADP (24,75).

Sliding-clamp state

Upon mismatch recognition, MutS exchanges its ADP for ATP and undergoes a
conformational change to form a long-lived sliding clamp on DNA (12,86,87). This can be
shown in assays in which MutS releases fast from DNA ends in the

presence of ATP, whereas MutS remains stably bound to the DNA when the ends are
blocked (79,88). It is generally accepted that the sliding clamp is a state in which MutS
signals for repair.

The sliding clamp conformation of MutS is revealed for the first time in the crystal
structure where it is in complex with the N-terminal domain of MutL (Figure 3C, Chapter
4). In this conformation, the subunits in the dimer are tilted across each other, hinging
from the ATPase domains (Figure 3C). At the same time, the mismatch-binding and

connector domains have rotated outward. The conformational change pushes the DNA
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downward into a new channel, and MutS will be bound as a loose ring around the DNA,
explaining how MutS can diffuse on the DNA helix.

Release and recycling

As MutS is an ATPase protein, it will hydrolyze its bound ATP over time. The two MutS
subunits have ATPase domains with alternating ATP hydrolysis activity (70,89). In the
absence of DNA, MutS hydrolyzes ATP and does not rapidly rebind new ATP (70).

After mismatch recognition and signalling for repair, it is possible that the MutS sliding
clamp releases DNA at single-stranded regions (12) where replication is not complete yet,
or where removal of the new strand has already started. MutS will then hydrolyze its bound
ATP, and revert to its pre-recognition state in which it is available again for new cycles of
mismatch recognition. If the original DNA mismatch is not repaired yet, MutS may bind
to it again. This allows for a model where MutS proteins have multiple loading starting
from the mismatch, and activate downstream processors until the error has been removed.
Such rebinding would also be able to account for directionality of the system towards the

mismatch, guided by repeated MutS$ localization.

Comparison of MutS with other ABC proteins
The ABC superfamily of ATPases, to which MutS belongs, contains proteins that are
involved in important cellular processes such as membrane transport, DNA repair and
chromosome condensation. ABC proteins contain several conserved motifs in the
nucleotide binding domains over which they dimerize forming two composite ATPase
domains. The basic mechanism in these proteins results from ATP-binding-induced
compacting of the dimers, which can propagate as a movement in the rest of the protein
(Figure 4). ATPase activity is then thought to reset the proteins for further cycles (64,90).

Transmembrane ABC transporters actively transfer substrates across -cellular
membranes. These transporters undergo large conformational changes in which the ATP-
bound state opens up one side of the protein to take up (importers) or release (exporters)
the substrate, while ATP hydrolysis and nucleotide release allows the substrate to release
(importers) or enter (exporters) from the other side (91,92). The MR complex (Mrell
nuclease and Rad50 ABC ATPase), which is a sensor for DNA double-strand breaks, uses
ATP binding by the two Rad50 subunits to modulate its structure. This creates a clamp
conformation with increased binding to DNA ends (93). In SMC proteins, the function
of ATP binding by the head domains is not fully understood. It has been proposed to
allow closure of an SMC dimer as a ring around multiple DNA strands (94), but this ring
formation around DNA may instead require transient opening the other dimerization
interface of SMC dimers (95).

The cycle of MutS proteins is comparable to that of ABC transporters: ATP-induced
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Figure 4. Schematic representation of ATP-driven motions in different ABC proteins. A) ATP binding
induces a hinge motion that translocates mismatched DNA to a new channel in MutS proteins. B) ATP
binding by ABC transporters opens up the protein on the opposite side, thus transporting substrate across
a membrane (exporter visualized). C) ATP binding by Rad50/Mrell modulates the protein structure to
increase binding to DNA ends (93). D) Model in which ATP binding induces dimerization of the head
domains of SMC proteins, possibly entrapping DNA in this way (94).

compaction of the ATPase domains transmits a hinge-like motion to the rest of the protein,
thus actively translocating it substrate DNA to the sliding clamp channel. Different from
ATP transporters, however, hydrolysis of ATP is not known to destabilize the dimerization
of the ATPase domains such that it opens up the protein from the other side. The flexible
linkers to the dimerized C-terminal domains in E. coli MutS would also make it difficult for

the dimer to completely open up on that side.

MutL proteins

Structural organization of MutL

MutL is essential for MMR and is activated by the MutS sliding clamp, linking this MutS
signal to downstream repair effectors (8,10). E. coli MutL activates the endonuclease
MutH to nick the newly synthesized strand, while most other MutL proteins contain an
endonuclease motif. This endonuclease activity resides in PMS2 or MLH3 for the human
homologs (18). The nick that is thus made is required to unwind and remove part of the
new DNA strand, for which E. coli MutL activates the helicase UvrD (17).

17
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MutL proteins form dimers that contain flexible linkers separating the C-terminal from
the N-terminal domains (Figure 5). The primary dimerization interface is formed by the
C-terminal domains, while the N-termini contain ATP-binding sites that become more
structured and dimerize in the presence of ATP (96,97). These N-terminal ATP-binding
domains are structurally similar to the ATPase domains of members of the GHKL family
(98). Upon ATP binding, the N-terminal domains of MutL proteins have been found to
physically interact with the C-terminal domains, potentially altering the endonuclease
function in these domains (97,99). Since MutL contains weak ATPase activity, the protein
is thought to go through a cycle of dimerization and becoming more compact, until ATP is
hydrolyzed and the nucleotide is released (97,100) (Figure 6A).

open closed

MLH1 PMS1 MLH1 PMS2

Figure 5. Structural models for full-length MutL proteins of three organisms. A) The E. coli MutL
homodimer with open (without nucleotide, PDB entries 1X9Z and 1BKN) and closed (AMP-PNP bound,
PDB entries 1X9Z and 1NH]J) N-terminal domains. B) Yeast MutLa (PDB entries 4E4W and 3H4L). C)
Human MutLa (PDB entries 3RBN, 3NA3, and 1H7S).
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Figure 6. Schematic representation of ATP-driven conformational changes in different members of the
GHKL-family. A) ATP binding induces dimerization of the N-terminal domains of MutL and compaction
of the dimer until hydrolysis takes place. B) ATP binding by Hsp90 induces dimerization of the N-terminal
domains and facilitates interaction with client proteins. C) ATP-induced conformational changes in the
gyrB subunit of DNA gyrase allow for strand passage through the gyrA subunit.

The dimerization of the N-terminal domains forms a potential DNA-binding groove,
and mutations in this groove can reduce the (weak) DNA-binding ability of MutL (101,102).
The closing of the N-terminal domains also results in the formation of a central channel
between the N-terminal and C-terminal domains, which could allow MutL to enclose a
DNA helix. This DNA binding may also involve specific interactions of the flexible linker
regions (103). It is mainly the N-terminal domain that interacts with MutS, in which MLH1
is involved in the eukaryotic heterodimers (35,104). The crystal structure of E. coli MutS in
complex with the N-terminal domain of MutL suggests that MutL is loaded onto DNA by
binding to the MutS sliding clamp, and this is required for activation of MutH (Chapter 4).

Comparison of MutL with other GHKL proteins
The GHKL (DNA gyrase, Hsp90, histidine kinase, MutL) superfamily comprises proteins

19
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with diverse functions that share the nucleotide-binding ‘Bergerat’ fold (105). These
proteins contain several conserved motifs in their ATPase domains. Most members of
the GHKL family form dimers in which ATP binding and/or hydrolysis induces large
conformational changes due to transient dimerization of the ATPase domains (Figure 6).

The MutL cycle can be compared to that of the chaperone Hsp90, which is also a
constitutive dimer, with N-terminal domains that dimerize upon ATP binding (106).
Stabilization and conformational changes of the N-terminal domains of Hsp90 due to
nucleotide binding allow binding to client proteins. Similar regulation is suggested for
binding of N-terminal domain of MutL for binding to MutS or downstream effectors in
MMR (107). In the case of DNA gyrase, the dimerization of ATPase domains occurs in the
gyrB subunit and this motion is transmitted to the gyrA subunit, which allows for passage
of a DNA strand, thus adjusting supercoiling of DNA (108).

Outline of this thesis

The work presented in this thesis is aimed to understand the nature of the different
conformations of MutS, and in particular the manner in which these conformations allow
MutS to function in the context of DNA and MutL in the initial steps of MMR.

In Chapter 2 we describe the dimer-tetramer equilibrium of full-length MutS. We
uncouple these two oligomerization states to study them separately. Moreover, we use a
stable dimer variant of MutS to measure mismatch recognition specificity, DNA binding
kinetics, and sliding-clamp formation.

In Chapter 3 we report a crystal structure of DNA-free MutS. We propose that this
structure represents a state that precedes DNA binding, and show that site-specific kinking
in helices of the lever domains allows DNA to enter the MutS dimer.

In Chapter 4 we present a crystal structure of the MutS in the sliding clamp state, in
complex with the N-terminal domain of MutL. The structure shows large conformational
changes in MutS and suggests relocation of the DNA upon mismatch recognition and ATP
binding, which we validate using biophysical assays. This chapter explains how the Mut$S
sliding clamp can specifically activate MutL to promote downstream repair.

In Chapter 5 we summarize the highlights of Chapters 2-4 and discuss their implications
in the context of the MMR mechanism.
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Abstract

The process of DNA mismatch repair is initiated when MutS recognizes mismatched
DNA bases and starts the repair cascade. The Escherichia coli MutS protein exists in an
equilibrium between dimers and tetramers which has compromised biophysical analysis.
To uncouple these states we have generated stable dimers and tetramers respectively.
These proteins allowed kinetic analysis of DNA recognition and structural analysis of
the full-length protein by X-ray crystallography and small angle X-ray scattering. Our
structural data reveal that the tetramerization domains are flexible with respect to the
body of the protein, resulting in mostly extended structures. Tetrameric MutS has a slow
dissociation from DNA, which can be due to occasional bending over and binding DNA
in its two binding sites. In contrast, the dimer dissociation is faster, primarily dependent
on a combination of the type of mismatch and the flanking sequence. In the presence
of ATP, we could distinguish two kinetic groups: DNA sequences where MutS forms
sliding clamps and those where sliding clamps are not formed efficiently. Interestingly, this
inability to undergo a conformational change rather than mismatch affinity is correlated

with mismatch repair.

Introduction

The DNA mismatch repair (MMR) system is important to maintain genomic stability.
Mismatch repair protein MutS recognizes misincorporated nucleotides and this starts a
cascade of events involving the recruitment of several proteins. This eventually results in
the removal of the mismatch and resynthesis of the new DNA strand (1). Loss of MutS
leads to a mutator phenotype in bacteria, and in humans mutations in MutS homologs can
result in hereditary non-polyposis colon cancer, also known as Lynch syndrome (2,3). To
understand the molecular impact of such mutations, the bacterial mismatch repair system
is a widely used model.

In bacterial mismatch repair, MutS binds DNA in a homodimeric form. Within this
dimer there is an asymmetric association of the subunits when bound to heteroduplex
DNA, as has been shown in crystal structures (4-6). After mismatch recognition, Mut$S
exchanges adenosine diphosphate (ADP) for adenosine triphosphate (ATP) and undergoes
a conformational change that allows sliding on DNA (7).

Each subunit of MutS consists of 853 amino acids in Escherichia coli. The currently
known crystal structures of MutS bound to mismatches, however, lack a 53 amino acids
long C-terminal domain. The structure of this domain has partly been elucidated fused
to maltose binding protein (MBP) (8). It has been found to be important for mismatch
repair (9), although this dependence could be due to decreased stability of the dimer upon
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truncation of the C-terminal domain (8).

By interactions via these C-terminal domains, E. coli MutS dimers can form tetramers
(K, of 50 nM) (10), which has also been shown for other bacterial MutS homologs (11-13).
Because of the unstable nature of the tetramerization, however, full-length MutS exists
in equilibrium between dimers and tetramers in solution under physiological conditions
in cells (~200 nM MutS monomers) (14). The biological function of the tetrameric form
of MutS is still under discussion (8,15), but tetramerization is not essential for mismatch
repair (8,16). It may, however, be important for other functions of MutS, such as its role in
anti-recombination (16). The MutS tetramer is thus still a topic of interest (8,10,11,13,15-
18).

The E. coli mismatch repair system is better understood and easier to reconstitute in vitro
than eukaryotic mismatch repair. However, for the main heterodimeric human mismatch-
recognition proteins (MutSa and MutSp) tetramerization has not been reported, even
though a similar double helix-loop-helix fold was observed for the C-termini of MutSp as
in the crystal structure of the dimerized C-termini of E. coli MutS (19).

The added variable of the dimer-tetramer equilibrium of wild-type E. coli MutS also
complicates in vitro kinetic analysis of DNA binding. The DNA-binding kinetics of a single
mismatch recognition unit of MutS have therefore never been studied quantitatively,
instead it has only been done for the wild-type protein that still forms tetramers, where
cooperative binding had to be taken into account (20). Uncoupling the dimer and the
tetramer of MutS can help to make this system less complex.

Here, we achieve uncoupling of dimer and tetramer by site-specific point mutations in
the C-terminal tetramerization domain and chemical crosslinking techniques respectively.
Using point mutations to prevent tetramerization rather than truncating the C-terminal
domain, the stability of the dimer is not compromised (8,17). This enabled us to study both
dimer and tetramer independently.

We used the stabilized full-length dimer and tetramer for structural studies to
understand how the domains are organized within the proteins. Moreover, with our
methods the kinetics of DNA-binding by the dimer and tetramer could be compared.
This will be important for future studies to explain their relevance in DNA recognition.
Elimination of the dimer-tetramer equilibrium enabled us to fit mismatch-recognition
kinetics of single DNA-binding units of MutS. We used this possibility to quantitatively
investigate recognition of different mismatches and to investigate sliding clamp formation
by MutS.
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Materials and methods

Wild-type and mutant Mut$ proteins
Full-length dimer mutants P839E or D835R were created in the mutS gene in vector pET-3d
(4). To obtain single-cysteine MutS R848C protein, the six native cysteines in the mutS gene
in vector pET-3d were mutated (C93A, C235S, C239A, C297S, C569S, C711V) followed
by introduction of the R848C mutation. For single-cysteine His,-MutS N162C, the N162C
mutation was introduced into cysteine-free His,-MutS in vector pET15b, which has been
described previously (17,21). All mutations were introduced using the QuikChange Site-
Directed or Multi Site-Directed Mutagenesis Kits (Stratagene) and appropriate primer
sequences (obtained from Invitrogen), following the manufacturers protocol.

Wild-type and mutant MutS$ proteins were expressed and purified as described (4,6,17),
except that in the final gel filtration buffer KCI was used instead of NaClL

Crosslinking of single-cysteine MutS 848C

Reducing agent was removed from purified single-cysteine MutS R848C by loading
it on a 5 mL HiTrap desalting column (GE) that was pre-equilibrated with buffer
containing no reducing agent [25 mM Hepes (pH 7.5), 300 mM KCl, 5 mM MgCl,,
10% glycerol], and eluted fractions containing the protein peak were collected. ATP was
subsequently added to the protein to a final concentration of 1 mM, after which 11-bis-
maleimidotriethyleneglycol (BM(PEG),, Pierce) dissolved in dimethyl sulfoxide (DMSO)
was added to a final concentration of 250 mM. The protein was then incubated on ice for
one hour, after which excess crosslinker was quenched by adding dithiothreitol (DTT)
to a final concentration of 5 mM. The tetrameric protein was purified by size-exclusion
chromatography on a Superdex 200 column in buffer A [25 mM Hepes (pH 7.5), 150 mM
KCl, 5% glycerol]. Peak fractions were analyzed on SDS-PAGE, concentrated, and flash-
frozen until further use. See Supplementary Figure S1 for size-exclusion chromatography
profile and SDS-PAGE analysis of crosslinked product.

To isolate DNA-bound complexes for small-angle X-ray scattering (SAXS)
studies, crosslinked protein was incubated with excess 21-bp or 60-bp DNA
(obtained from Invitrogen; 21-bp: AGCTGCCAGGCACCAGTGTCA annealed with
TGACACTGGTGCITGGCAGCT, 60-bp: TGAAGCTTAGCTTAGGATCATCGAGGA
TCGAGCTCGGTGCAATTCAGCGGTACCCAATTC annealed with GAATTGGGTA
CCGCTGAATTGCACCGAGCTTGATCCTCGATGATCCTAAGCTAAGCTTCA)
for 25 minutes on ice, and purified by size-exclusion chromatography on a Superdex
200 column in buffer A. Peak fractions containing the protein-DNA complexes were

concentrated to multiple concentrations and flash-frozen. Protein:DNA ratios in the
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complex were calculated using the ratio of absorption at 260 and 280 nm and absorption

properties at both wavelengths of the individual components.

Size-exclusion chromatography and multi-angle laser light scattering analysis

For each protein sample, 2 mg was injected onto a Superdex 200 10/30 column in buffer
[25 mM Hepes (pH 7.5), 150 mM KCI, 5 mM MgCl,, 10 mM 2-mercaptoethanol]. Elution
profiles were monitored at 280 nm. Protein was subjected in-line to multi-angle laser
light scattering (MALLS) measurements in a Mini-Dawn light scattering detector (Wyatt
Technology) upon elution from the column. Data were analyzed using the Astra software
(Wyatt Technology).

Crystallization, data processing and refinement

For crystallization, 100 mM MutS D835R (monomer concentration) was combined with
50 mM 21-bp DNA containing a mismatch (same 21-bp sequence as in the SAXS DNA
binding studies), and 100 mm ADP. Crystals were grown using hanging drop vapor
diffusion from a well solution of 25 mM Tris pH 8, 750 mM NaCl, 12% PEG 6000, 10 mM
MgCl,. Microseeding was used to improve crystal quality. Before data collection, crystals
were transferred to a cryobuffer consisting of the mother liquor supplemented with 30%
glycerol and flash cooled in liquid nitrogen.

Diffraction data was collected at beamline ID14-4 at the ESRF in Grenoble, France.
Data reduction was performed using XDS (22) and Scala (23) in the CCP4 suite (24). The
structure of the C-terminally truncated MutS:DNA complex (PDB entry 1E3M) (4) was
used as a search model for structure solution using Phaser (25). Refinement jobs were
carried out using REFMACS5 (26). PDB_REDO (27) was used to optimize refinement
parameters for REFMACS5. During the refinement process, the structure of the dimer of
the C-terminal 33 residues of MutS$ (8) was used as an initial model to fit the density for the
C-terminal domain using the program Coot (28). Most of the structure could be modeled
confidently, but electron density for the mismatch binding domain in subunit B and the
C-terminal domains (823-853) is relatively weak and residues 658-669 and 749-757 of the
ATPase domain of subunit A (the mismatch-contacting subunit), residues 1-25, 55-74 and
95-106 of the mismatch-binding domain of subunit B, residues 801-822 in both subunits,
and six bases are missing. We did not observe clear density for nucleotides in either of the
two subunits of the crystallized protein, and the positions of the P-loops resembled empty
nucleotide binding sites. Nevertheless, some residual difference density is present in the
nucleotide-binding site of the mismatch-contacting subunit, suggesting a small fraction
of ADP-bound protein in the crystal. Coordinates of the refined model of MutS D835R
have been deposited in the Protein Data Bank with entry code 3ZLJ. For crystallographic
statistics, see Table 1. Figures were generated using PyMOL (http://www.pymol.org).
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Table 1. Crystallographic data collection and refinement statistics.

Data collection

A (A) 0.976

Resolution range (A) 47.24-3.1 (3.27-3.1)

Completeness (%) 99.9 (100.0)

I/o(1) 9.9(2.4)

R e (%) 11.9 (61.7)

Space group P2,

Cell dimensions
a, b, c(A) 110.29,91.15, 112.86
a,B, y(© 90.00, 101.79, 90.00

Total no. of observations

Total no. of unique reflections

175019 (25663)
40031 (5825)

Multiplicity 4.4 (4.4)
Wilson’s B-factor (A?) 61.9
Refinement

No. of atoms (protein+DNA) 13234
Average B-factor (A?) 61.8
R, reflections 2006
R, (%) 22.73
R,.. (%) 26.28
r.m.s.Z(bond) 0.365
r.m.s.Z(angle) 0.462
Ramachandran statistics®
(preferred/allowed/outliers) 1549/18/0

Numbers within brackets refer to the highest resolution shell.

¢ Calculated using MolProbity (29).

SAXS measurements and analysis

SAXS measurements were performed at beamlines P12 and X33 (30) at EMBL Hamburg.
Samples of MutS D835R were prepared in buffer containing 25 mM Hepes (pH 7.5), 250
mM KCl, 5% glycerol. MutS§ tetramer samples were prepared in buffer A as described above.
The samples were thawed and centrifuged at high speed for 1 min just before measurement.
Samples were exposed to X-rays in a measuring cell cooled to 10 °C. Data were analyzed
using the ATSAS software package (31): data processing was performed using PRIMUS
(32) where the Guinier plots were used to assess R, values and data quality at low-angles

(Supplementary Figure S2D), after which GNOM (33) was used to generate distance
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distribution plots. GNOM results were used as input for DAMMIF (34) to generate 10
independent ab initio models for both the dimer and the DNA-free tetramer, which were
subsequently averaged using DAMAVER (35). For SAXS statistics, see Table 2. Figures
were generated using PyMOL (http://www.pymol.org).

Crosslinking of single-cysteine mutant D162C

Single-cysteine His,-MutS D162C was incubated for 10 minutes on ice at 10 uM
concentration in buffer [20 mM Hepes (pH 7.5), 5 mM MgCl,, 125 mM KCI and
1 mM ADP]. M4M crosslinker (1,4-butanediyl-bismethanethiosulfonate; Toronto
Research Chemicals) or M17M crosslinker (3,6,9,12,15-pentaoxaheptadecane-1,17-diyl-
bismethanethiosulfonate; Toronto Research Chemicals) was added in 5-fold molar excess
over the protein and incubated for 20 min on ice. The extent of crosslinking was monitored
by 6% SDS-PAGE after staining with colloidal Coomassie. The gel was imaged with a video

documentation system (BioRad).

Surface plasmon resonance measurements

Surface plasmon resonance (SPR) measurements were performed in a Biacore T200
system at 25 °C. Unless otherwise indicated, DNA for the SPR measurements (obtained
from Sigma) contained a 21-base pair long duplex (see Supplementary Table S1 for the
full range of DNA sequences measured for MutS binding) with a single-stranded DNA
(ssDNA) overhang consisting of 20 thymidines ((dT),,). The ssDNA end was biotinylated
for coupling to a Biacore streptavidin chip. The double-stranded DNA (dsDNA) end had
a fluorescein moiety attached and by flowing over anti-fluorescein antibody (Invitrogen)
after immobilization the DNA end was blocked. DNA was immobilized on a Biacore
streptavidin chip to a maximum total signal of 7.0 RU.

For the mismatch variation experiments and the sequence context variation experiments,
MutS$ protein was premixed with an equal volume of SPR buffer [25 mM Hepes (pH 7.5),
150 mM KCl, 5 mM MgCl,, 0.05% TWEEN-20] or SPR buffer containing 2 mM ATP
just before injection, and flown over the chip in SPR buffer with or without 1 mM ATP
respectively. Protein flow was maintained for 120 s, after which only SPR buffer was flown
over for 240 s. Between injections of different concentrations of protein, the chip was
regenerated with 0.05 % SDS. Measurements were performed in duplo.

For the sliding clamp dissociation experiments the DNA constructs for a GT mismatch
or T insertion were immobilized, but the ends were not blocked with antibody. In all
these measurements, 200 nM of MutS D835R was injected for 120 s to achieve maximum
binding, after which buffer with varying ATP concentration was injected for 120 s to
observe dissociation.

Initial kinetic fitting (as shown in Figure 4) was performed using the Biacore
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T200 Evaluation Software version 1.0. Values for K,*? were determined by non-
linear fitting using Graphpad Prism 4 (36) with a model for single-site binding:
Response = Maxg, .. [MutS] / (K, + [MutS]), where Mut$ concentration was expressed
as monomers. Values for K, and k_; were determined using EvilFit (37,38).

For kinetic fitting for DNA binding by the tetramer, the following input for the Biacore

T200 Evaluation Software was used:

kul kaz * * ka3 *
A+B=AB (1) AB—=A"B (2) A'B+B—=A"B, (3)
dl de kd3
where A = free MutS in solution; B = unbound DNA; AB = MutS bound to DNA, A'B
= MutS bound to DNA after a conformational change; A'B, - MutS bound to two DNA
(total amount of MutS based

(maximum binding capacity of the surface) were also defined.

binding sites; k,,, k,, k5, k> k> k5 are kinetic constants. A,

on concentration) and B,,
This explicit second binding site model is applied to account for the fact that bending over

does not change the mass as detected by SPR.

Results

The dimer and tetramer of MutS can be stabilized separately

To study the dimer of MutS, the formation of tetramers has to be prevented. Although
this can be achieved by truncating the C-terminal domains, this will also compromise
the stability of the dimer (39). A previously reported crystal structure of the C-terminal
domains of MutS showed a tetramerization interface formed by crystallographic symmetry
(8). Mutations in this interface can perturb interactions between full-length dimers. It has
been reported previously that a mutation at D835 to R, resulting in a charge inversion
(Figure 1A), will prevent tetramerization of MutS without jeopardizing the stability of the
dimer (17). This has also been described for an R840 to E mutation (8). We hypothesized
that mutating P839 to E, introducing a negative charge (Figure 1A), will have a similar
effect.

We verified the oligomerization states of the different mutants using MALLS analysis
in line with size-exclusion chromatography (Figure 1C). In this measurement, wild-
type full-length MutS shows a large peak for the dimer-tetramer equilibrium, with an
apparent weight of 324 kDa (one monomer is 95 kDa) and a small peak corresponding
to a monomer fraction. MutS D835R and P839E show molecular weights of ~198 and
189 kDa respectively (Figure 1C), indicating that these mutants do not tetramerize. A
decline in measured molecular weight toward the right ends of the peaks indicates minor
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Figure 1. Stabilization of MutS dimer and tetramer. A) Tetramerization of MutS can be prevented by
changing the local charge in the tetramerization interface via mutation of residues in the C-terminal
domains. These residues are indicated in the crystal structure of the tetramerized C-terminal domains
(from PDB entry 20K2): D835 (green), P839 (orange) and R840 (gray). B) The molecular structure of the
flexible molecule 1,11-bis-maleimidotriethyleneglycol (BM(PEG),) has a maximum dimension of ~18 A.
Introduced cysteines at position 848 were mapped on the crystal structure of the tetramerized C-terminal
domains. The residues were mutated to cysteines in PyMOL (http://www.pymol.org) in preferred rotamer
positions and are shown in yellow with the labels C1-4. Theoretical distances between sulphur atoms
of these cysteines are indicated. C) Normalized UV profiles and MALLS signal from size-exclusion
chromatography of the full-length MutS proteins indicate apparent molecular weights of 324 kDa for wild-
type MutS (purple), 410 kDa for the crosslinked tetramer (orange), 189 kDa for MutS P839E (blue), and
198 kDa for MutS D835R (green). The molecular weight of one full-length MutS monomer is 95 kDa.
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dissociation into monomers, as was also observed in atomic force microscopy (AFM)
studies with wild-type MutS, indicating that this is an intrinsic property of MutS (15).
Nevertheless, it is much less pronounced for these full-length MutS point mutants than for
the C-terminal truncation mutant AC800 (39). In this way, relatively stable dimers can be
made via different single point mutations predicted from the published tetramer interface.
We chose to use the D835R mutant for further characterization.

To stabilize the tetrameric form of MutS, chemical crosslinking was used. The residues
at position 848 in the tetramerization domains are solvent-exposed and therefore appeared
to be a good option for crosslinking. For this purpose, a cysteine was introduced at this
position in a cysteine-free construct of full-length MutS, resulting in single-cysteine MutS
R848C (SC-MutS R848C). Cysteine-free MutS is active in mismatch repair, as has been
shown previously (8,17). The SC-MutS R848C mutant is fully active in mismatch repair
in vitro (Supplementary Table S2). Its mutation rate in vivo is similar to wild-type with a
slight elevation, owing to fluctuation in the assay or a minor defect (Supplementary Table
S2). When allowing the SC-MutS R848C to chemically react with BM(PEG),, a cross-
linker that contains a flexible PEG spacer and two reactive maleimides, the C-terminal
domains of two adjoining dimers can be coupled together irreversibly by forming stable
thioether linkages with the cysteine residues. The position of the cysteines is such that
only one possible crosslink can be made with BM(PEG), within each tetramer (Figure 1B),
resulting in 50% crosslinking (Supplementary Figure S1). Size-exclusion chromatography
and MALLS analysis of this purified crosslinked product indicates a molecular weight of
~410 kDa, corresponding to four MutS subunits (Figure 1C), indicating that indeed the

tetramer of MutS has been stabilized.

The C-terminal domain is mobile within the MutS dimer

The dimer-tetramer equilibrium of MutS complicates structural studies of the full-length
protein. In previously reported structures of E. coli MutS, the C-terminal 53 residues had
been truncated, which excluded the tetramerization and facilitated crystallization (4,6).
The tetramerization domain has been crystallized outside the context of MutS, fused to
MBP (8). With our current dimer mutants the dimer-tetramer equilibrium of full-length
MutS has been eliminated. We were able to crystallize full-length MutS D835R bound to a
mismatch and determine the structure at a resolution of 3.1 A (Figure 2A).

The full-length MutS protein crystallized in space group P2,. The first 800 residues
superpose well with previous MutS$ structures that were crystallized in a different crystal
lattice, with an rmsd of 0.9 A for the Ca atoms of PDB entry 1E3M. The crystal structure
is almost complete except for a few missing loops (see ‘Materials and methods’ section).
Although we crystallized with a shorter DNA duplex [21-bp instead of 30-bp DNA (4,6,39-

42)] we could resolve one more base (36 of 42 possible).
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Figure 2. Crystal structure of full-length dimeric MutS D835R. A) Front and side view of a cartoon
representation of the dimerized C-terminal domains (red and salmon) adjacent to the ATPase domains of
the rest of the dimer (dark blue and light blue). DNA is shown in orange. B) The position of the dimerized
C-terminal domains (red and salmon) is stabilized by crystal contacts with an adjacent MutS dimer (gray).

The two nucleotide-binding sites of the crystallized MutS dimer are mostly in the empty
state, even though ADP was present in the crystallization mixture. This is the first E. coli
MutS crystal structure of a nucleotide-free state, although a Thermus aquaticus MutS-DNA
structure without nucleotide has been described (5). It has been shown by native mass
spectrometry that mismatch binding regulates asymmetric nucleotide binding in E. coli
MutS, but a nucleotide-free mismatch-bound state was also observed (43). The P-loop
of subunit A is displaced compared with an ADP-bound MutS structure (4), resulting in
similar empty nucleotide binding sites for subunits A and B.

This similarity between the two subunits makes the dimer more symmetrical than in
ADP-bound structures, except that the N-terminal mismatch-binding domain (residues
2-115) of subunit B is in a different position than in subunit A since it does not contact
the DNA mismatch. This domain is affected by partial crystallographic disorder in subunit
B and together with the connector domain it moved slightly inward compared with the
existing nucleotide-bound structures, probably due to the different crystal contacts.

Our structure includes the dimerized C-terminal domains (residues 823-853) that were
truncated in previous MutS structures. Electron density for the C-terminal domains is not
well defined, but we could build the two-layer helix-loop-helix fold as observed in the MBP
fusion-protein structure (8), showing that this previously determined structure is present
in the context of MutS. The 22 amino acids linking the C-terminal domains to the rest of
the dimer could not be resolved in density, probably owing to intrinsic disorder. The chains
of the two C-terminal domains can therefore not be allocated to their corresponding
N-terminal subunits. It is, however, evident to which dimer in the crystal the C-terminal



Using stable MutS dimers and tetramers to quantitatively analyze
mismatch recognition and sliding clamp formation

domains belong, as the distance to other dimers in the crystal is larger than the ~68 A
that can be spanned by 22 stretched-out residues (>75 A to residue 800 of the nearest
neighbor).

In the crystal structure the dimerized C-terminal domains are positioned adjacent
to the ATPase domains (Figure 2A). The C-termini appear to have taken the space that
was occupied by residues 749-757 of subunit A as observed in other MutS structures, and
these residues are not visible in our structure. Both subunits in the dimerized C-terminal
domains contact helices in the connector domain of an adjacent dimer in the crystal, which
probably stabilizes their position (Figure 2B).

The stable MutS D835R dimer was also used for solution X-ray scattering (SAXS)
analysis. This technique gives information on the shape of the protein and can therefore
give an indication of the organization of the C-terminal domains in the full-length dimer
mutant in solution. The SAXS data were used for ab initio modeling to obtain information
about the full-length dimer shape. Lack of DNA in the measured MutS$ protein is expected
to allow flexibility of the DNA clamp domains of MutS. This was indeed reflected in
the ab initio models by diversion between the 10 different modeling runs. However, the
overall organization of the models remained similar. Averaging of the models provided
an envelope that has space for the dimerized C-terminal domains in line with the DNA-
binding clamp in the dimer (Figure 3A, Supplementary Figure S2A,B), thereby extending
the longest axis of the dimer.

The SAXS model is different from what was observed in the crystal structure, where
the domains are positioned adjacent to the dimer. Apparently, the dimerized C-terminal
domains are mobile with respect to the rest of the dimer, but in solution there appears to

be a most-occupied area extending the long axis of the dimer (Supplementary Figure S2B).

The tetramer of MutS is predominantly extended in solution but can still bend over
To get further insight into the function of the MutS tetramer, we analyzed the conformation
of the tetramer in solution. Attempts to analyze tetramer conformation have been made
previously for the MBP-C-terminal MutS fusion protein or for the wild-type MutS protein
that is a mixture of dimeric and tetrameric states (8), but not for stable tetramers. Our
crosslinked tetramer of MutS gave an opportunity to obtain more information on the
shape of this oligomerization state in solution using SAXS analysis.

The SAXS data for the tetramer indicate a radius of gyration of 7.8 nm with an overall

maximum dimension (D, ) of 26.5 nm, implying an extended conformation (Figure

3B). Ab initio modeling generated an envelope that can fit two MutS dimers (Figure 3A,
Supplementary Figure S2C). As the C-termini of two dimers were covalently linked in our
stable tetramer, this means that the DNA binding clamps are facing away from each other

in this model. These data reinforce the observation that the C-terminal domains are not
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Figure 3. Conformations of the stable dimer and tetramer of MutS. A) SAXS curves and ab initio models
of the MutS D835R dimer mutant (red) and the crosslinked tetramer (blue). The scattering curves are
displaced in logarithmic scale for better visualization. For the dimer envelope, the dimerized core of MutS
(first 800 residues from our structure without DNA), and the dimerized C-terminal domains (residues
823-853 from our structure) are superposed onto the envelope and represented as black cartoons. For the
tetramer envelope, two dimerized MutS cores and the tetramerized C-terminal domains (derived from
PDB entry 20K2) are superposed onto the envelope. B) Distance distribution plot for the crosslinked
tetramer of MutS: unbound (solid curve), bound to 21-bp DNA (dotted curve) and bound to 60-bp DNA
(dashed curve). C) Two possible models of the crosslinked tetramer of MutS bound to 60-bp DNA, which
would result in a larger D__values than the tetramer bound to 21-bp DNA. D) Position 162 is indicated
on our full-length MutS structure as yellow spheres. Using M17M crosslinker, but not M4M crosslinker,
two MutS dimers can be covalently linked through cysteines at position 162 as visualized on SDS-PAGE.

adjacent to the ATPase domain, but extend the long axis of the molecule.

As observed for the MutS D835R dimer, flexibility of the DNA clamp domains resulted
in some diversion of the models between runs. This also biased the averaging of different
models to result in an envelope in which one dimer appears somewhat larger than the
other. This can be explained by assuming that overall, the flexible unbound DNA clamp
domains of the dimers in a tetramer do not occupy the same conformational volume for
both dimers at the same time, resulting in an asymmetric model.

We wondered whether the tetramer would bend over and bind a single DNA molecule

with both DNA-binding dimers. To investigate this, the tetramer was bound to either
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21-bp DNA containing a mismatch, too short to accommodate double binding, or 60-bp
DNA containing a mismatch. We then performed SAXS measurements of the DNA-bound
complexes.

When incubating the tetramer with excess 21-bp DNA and purifying the resulting 1:1.8
(tetramer:DNA) complex, the SAXS measurement resulted in a curve with more distinct
features than unbound tetrameric MutS (Supplementary Figure S2G). This is probably the
result of reduced flexibility in the clamp-domains when bound to DNA. The corresponding
distance probability P(r) plot reflects this with better-defined features (Figure 3B), whereas

there is no significant change in the D_, (27 nm), indicating that the tetramer is still

extended when both dimers bind a short strand of DNA.

Purification with size-exclusion chromatography after incubation with excess 60-bp
DNA resultedina 1:1.2 (tetramer:DNA) ratio, suggesting a mixture of complexes of different
ratios. Although the 60-bp DNA strand would have been long enough to accommodate
bending over of the tetramer to bind the DNA in two of its dimers, instead the SAXS
measurement indicated that D___ was increased to 42.5 nm (Figure 3B, Supplementary
Figure S2G). This suggests binding of multiple tetramers on DNA or two DNA strands
in each tetramer in our experiment (Figure 3C). In either case the data suggest that the
tetramer remained predominantly extended when bound to DNA.

In the crystal structure of the full-length dimer, the position of the C-termini suggested
that the tetramer could have other conformations, using the flexible linker of the C-termini.
To investigate whether occasional bending of the tetramer happens at all, a crosslinking
experiment was performed for full-length His,-MutS with a single cysteine at position 162
(Figure 3D). When incubating this protein with the reagent M4M, which can span ~8 A,
no crosslinking occurred. In contrast, when using M17M, which can span ~22 A, a species
was captured that has the connector domains linked together. This indicates that within
tetramers of MutS, the two dimers can move within 22 A of each other. We wanted to
know whether the SAXS results would allow for such bending, in the light of the extended
radius. In SAXS, a molecule with large intermolecular distances such as the extended form,
can dominate the scattering and there may be a mixture of conformations. We used an
ensemble optimization method in which an ensemble of different random conformations
is obtained and the set that fits the scattering curve is selected (Supplementary Figures 2E-
F). This analysis suggests that the SAXS data allow for co-existence of a minor population of
a more bent-over form next to the major extended population. We conclude that bending

over of the tetramer is possible, but probably occurs relatively rarely in solution.

The MutS$ tetramer dissociates slower from DNA than the MutS dimer
We compared DNA-binding kinetics between the dimer and the tetramer state, using

surface plasmon resonance (SPR) analysis. To minimize effects of homoduplex binding,
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short DNA duplexes (21 bp) with a GT mismatch at position 11 were used. These were
immobilized to a Biacore chip via a 20-base long ssDNA linker to allow for some spacing
from the chip surface. The dsDNA ends had fluorescein moieties attached, which were
bound by anti-fluorescein to obtain blocked ends and therefore exclude end dissociation.
Dimeric MutS D835R does not bind to the ssDNA linker (Supplementary Figure S3A), and
end-dissociation does not play a large role as binding kinetics are similar for end-blocked
and unblocked DNA (Supplementary Figure S3C). Using this setup, we analyzed dimer
and tetramer DNA-binding kinetics separately.

The SPR measurements showed that the D835R dimer mutant dissociates completely
from the DNA (Figure 4B), whereas part of the crosslinked tetramer releases relatively
slowly (Figure 4C). The binding profile for wild-type MutS appears to be a combination of
both dimer and tetramer binding kinetics (Figure 4A). A superposition of the three kinetic
profiles clearly shows this difference (Supplementary Figure S3D).

The very slow dissociation of the tetramer in our experiments is intriguing. When
combining the crosslinked tetramer with excess 21-bp DNA for our SAXS samples, the
calculated ratio for the purified complex was close to two DNA strands per tetramer. This
indicates that the tetramer can be saturated with DNA in which each dimer binds a strand.
This finding is in agreement with what has been found for the wild-type protein (43),
although an earlier report had indicated otherwise (10). Such bivalent binding of DNA by
the tetramers may explain the slow dissociation.

The slow dissociation rate of the tetramer was more pronounced when binding to
100-bp DNA or 42-bp DNA than to 21-bp DNA (Supplementary Figure S3E), but the
dissociation rate did not change within the range of immobilization levels of the DNA
that we used in these experiments (Supplementary Figure S3F). This suggests that in our
SPR experiments, binding of the same DNA strand in the two binding sites via bending
over of the tetramer or flexibility of the DNA (44) may play a role here, while at our
immobilization levels ‘bridging’ between two immobilized DNA strands does not happen.
When we use DNA that is too short for bending over (21 bp without ssDNA linker), the
tetramer fully dissociates (Supplementary Figure S3G), showing that aggregation on the
chip does not occur under our experimental conditions. Therefore, we conclude that the

slow dissociation is due to bivalent binding of the same DNA strand by the MutS tetramer.

Kinetic analysis of MutS binding to DNA is possible when dimer and tetramer are
uncoupled

Wild-type MutS can bind DNA as dimers or as tetramers. Reports differ on whether binding
to heteroduplex DNA shifts the dimer-tetramer equilibrium to either side (10,17,43,45),
but we observed both the DNA-bound dimer and the DNA-bound tetramer at MutS

concentrations up to 300 nM in an electrophoretic mobility shift assay (Supplementary
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Figure 4. DNA binding by the MutS dimer and tetramer. SPR measurements of binding A) wild-type
MutS, B) dimeric MutS D835R or C) the crosslinked tetramer of MutS to a GT mismatch. Different
protein concentrations are represented by different colors (legend refers to monomer concentrations) and
black lines indicate fitted kinetics using a one-phase binding model (fitted with Biacore T200 Evaluation
Software). D) The kinetics of the tetramer of MutS fitted using a model that takes into account bivalent
binding and a conformational change, represented in black lines (fitted with Biacore T200 Evaluation
Software as specified in the ‘Materials and methods’ section). E) Determination of K*? for the dimer and
tetramer using SPR signal at equilibrium for different protein concentrations binding to the DNA [fitted
with Graphpad Prism (36)].

Figure S3B). As the contribution of the dimer and tetramer to DNA binding can be
different for every protein concentration, kinetic fitting of SPR assays is made increasingly
complex, as illustrated by bad overlap of the model with the SPR data when using a one-
phase binding model for fitting (Figure 4A).

Elimination of the tetramer from the equilibrium resolves the complications of wild-

type protein, as a single DNA-binding unit is a dimer of MutS. Therefore, DNA binding
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by dimeric MutS D835R can be fitted using one-phase binding kinetics as shown by good
overlap of the fitted model with the data curves (Figure 4B).

Such a simple binding mode is clearly not the case for the tetramer of MutS (Figure 4C).
However, tetramer kinetics can be fitted with a model that takes into account the presence
of two DNA-binding sites and a conformational change that needs to occur in order to
bring the second site toward the same strand of DNA as described in the ‘Materials and
methods’ section (Figure 4D).

The tetramer displays stronger overall affinity for DNA than wild-type and dimeric
MutS, as seen from the apparent dissociation constants (K,;*?) determined using the
response at equilibrium binding for different protein concentrations as specified in the
‘Materials and methods’ section (Figure 4E). This is in-line with the bivalent binding by the
tetramer. The K" values for wild-type and dimeric MutS, however, are comparable. Such
similarity between the binding affinities for wild-type and dimeric MutS is in agreement
with a previous report (17). The dissociation from DNA for wild-type MutS is slower than
for the dimer (Figures 4A and 4B), probably owing to partial tetramerization which enables
bivalent DNA binding. At the same time, the time needed for tetramerization also slows

down the association of wild-type MutS on DNA, explaining the similar overall affinities.

MutS binds different mismatches with different affinities, greatly influenced by
flanking sequences

To investigate differences in kinetics, we measured binding of dimeric MutS D835R to all
possible single mismatched bases and up to four G or C insertion loops (Table 3, Figure
6A, Supplementary Figure S4). Mismatches at position 11 in the 21-bp dsDNA were varied
while the flanking sequences remained constant (see Supplementary Table S1). As controls,
measurements of binding to non-mismatched sequences were included.

In our assays, the DNA on the Biacore chip is not static, but may differ slightly in
orientation over the whole chip surface. Therefore, when the kinetic parameters are defined
without assuming homogeneous binding, more accurate kinetic fitting of mismatch
binding by the MutS dimer can be achieved. This can be done using the program EvilFit
(37,38) which determines the presence of populations with similar values for dissociation
rates (k) and dissociation constants (K,) (Figure 5A and Figure 5C). From the heat map it
can be derived that binding of dimeric MutS D835R to a GT mismatch can be represented
as a sum of single binding events within one population, while minor background noise
can be observed as gray areas.

The possibility of kinetic analysis for dimeric MutS binding to DNA using SPR enabled
us to quantitatively investigate DNA binding by a single mismatch-recognition unit of
MutS for different mismatches. Values for k ; higher than 0.4 per second, however, were too

fast to be determined. Consequently, as kinetic K, determination using fitting dependent
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Figure 5. Kinetic fitting of the mismatch binding with EvilFit software (37,38). A) Example of fitted DNA-
binding kinetics of dimeric MutS D835R in the absence of ATP. In the left graph, data are represented in
a gradient of green to blue colors for multiple protein concentrations, and red lines indicate fitted model
curves. Injection peaks were removed from the data points; thus they would not be fitted. Residuals of
the fits are plotted below the graph. Right panel shows a heat map of the koff and K distribution. A red
line is drawn around the area for which a weighted averaged was taken for determination of the kinetic
parameters. B) Correlation between the K, values for different mismatches that could be determined
with EvilFit, and the K" values that were determined using equilibrium binding (fitted with Graphpad
Prism (36) as specified in the ‘Materials and methods’ section). Values shown are averages of two binding
experiments in the absence of ATP. Data points are labeled with mismatches for which binding was
measured. C) Example of fitted DNA-binding kinetics of dimeric MutS D835R in the presence of 1 mM
ATP. D) Correlation between the K, values for different mismatches that could be determined with EvilFit,
and the K;? values that were determined using equilibrium binding. Values shown are averages of two
binding experiments in the presence of 1 mM ATP.

on simultaneous estimation of k g values, the K, could not be determined with this method
for very fast release of MutS. Therefore, we estimated apparent affinities K;*? using the
equilibrium binding (see ‘Materials and methods’ section), which could be calculated
for every mismatch. The K,*? determined with this method correlates well with those K,
values that could be determined using kinetic fitting with EvilFit (Figure 5B and Figure
5D). In this way, we compared kinetics for binding to all the different DNA mismatches.
The experiment showed that for different mismatches, the K;** and k_; values vary
greatly: values of 25 nM - 2.3 mM are observed for K " and values of 0.0062 to higher than

0.4 s are observed for the dissociation rates. As expected, the homoduplexes had weaker

47



Table 3. Quantitative measurements of binding of dimeric MutS D835R to end-blocked 21-bp DNA of
different sequences, as determined with SPR.

K - no ATP K/ -1mM ATP kg - no ATP k- 1mM ATP
Mismatch

inuM  (SD) inuM  (SD) ins! (SD) ins! (SD)
AT* 144  (0.18) 252  (0.76) >04 >0.4
TA* 217  (0.15) 190  (0.16) >0.4 >0.4
GC* 1.85 (0.71) 1.80 (0.13) >0.4 >0.4
CG*  1.90 (0.59) 1.58 (0.40) >0.4 >0.4
GA 2.01 (1.2) 1.17 (0.47) >0.4 0.0153 (0.0014)
AG 1.60 (0.067) 0.35 (0.12) >04 0.0215 (0.0018)
CA 0.115  (0.040) 0.061  (0.017) 0.0353 (0.0057) 0.0162 (0.0021)
AC 131 (0.39) 0344  (0.087) >0.4 0.0188 (0.0038)

GT  0.0809 (0.0047) 0.131  (0.021)  0.0233 (0.0033) 0.0173 (0.0024)
TG 0231 (0.084) 0.0837 (0.051) 0.119 (0.038)  0.0175 (0.0020)

CT 0622 (015 0443  (0.053) >0.4 0.0186  (0.0028)
TC 147  (039) 0634 (0.10) >0.4 0.0191 (0.0011)
TT 232 (L1) 138 (047) >04 0.0162  (0.0046)
AA 0377  (0.8)  0.0511 (0.019)  0.180  (0.11) 0.0171 (0.0024)
CC 150  (0.15) 152  (0.23) >0.4 >0.4

GG 0119 (0.026) 0.0742 (0.015)  0.0298 (0.020)  0.0165 (0.0018)
Tx 0.0249 (0.0037) 0.0345 (0.011)  0.00620 (0.0010) 0.0119 (0.0017)
xT 0.155  (0.069) 0.0445 (0.014)  0.0564 (0.014)  0.0198 (0.0062)
Ax 0.187 (0.11)  0.0753 (0.046) 0.116 (0.055)  0.0168 (0.0021)
XA 0.143  (0.070) 0.0423 (0.0033) 0.0626 (0.018)  0.0178 (0.0035)
Cx 0.542  (0.10)  0.128  (0.090) 0.346 (0.011)  0.0169 (0.000071)
xC 0.192  (0.079) 0.112  (0.044)  0.0999 (0.043)  0.0162 (0.0014)
Gx 0.0382 (0.0010) 0.0375 (0.012)  0.0186 (0.0038) 0.0138 (0.0016)
xG 0309 (0.17)  0.0523 (0.019) 0241 (0.032)  0.0182 (0.0035)
c2 0.136  (0.012) 0.0695 (0.013)  0.122 (0.073)  0.0174 (0.0033)
c3 0288 (0.11)  0.102 (0.041) >0.4 0.0243  (0.0089)
c4 1.07  (0.29)  0.450  (0.069) >0.4 0.0254  (0.0024)
G2 0.0514 (0.010) 0.0358 (0.0030) 0.0297 (0.0045) 0.0188 (0.00057)
G3 0.130  (0.068) 0.0332 (0.0032) 0.118 (0.034)  0.0178 (0.0028)
G4 0.578  (0.12)  0.135 (0.028) 0244 (0.11) 0.0205 (0.0074)

(Continued on next page)
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(Table 3 continued from previous page)

Sequence K" -no ATP K/ -1mM ATP k; - no ATP k,;- 1mM ATP
context jpyM (SD) inuM  (SD) ins?! (SD) ins?! (SD)
GT-1 0.0809 (0.0047) 0.131 (0.021) 0.0233 (0.0033) 0.0173 (0.0024)
GT-2 0.231 (0.084) 0.0837 (0.051) 0.119  (0.038) 0.0175 (0.0020)
GT-3 0278 (0.13)  0.0616 (0.014)  0.0999 (0.0030) 0.0134 (0.0029)
GT-4  0.0962 (0.042) 0.0380 (0.011) 0.0440 (0.0095) 0.0168 (0.0021)
GT-5 0.0480 (0.012) 0.0387 (0.0047) 0.0219 (0.0018) 0.0111 (0.00064)
GT-6 0.0550 (0.0023) 0.0327 (0.0061) 0.0118 (0.0047) 0.0100 (0.0015)
GT-7 0.0400 (0.0035) 0.0464 (0.0072) 0.0183 (0.022) 0.0105 (0.0011)

K¥ and kg values in the absence of ATP or in the presence of 1 mM ATP were determined as described in

the ‘Materials and methods’ section and expressed in monomers of MutS. Values represent averages of two
measurements and standard deviations are shown within brackets. The asterisk indicates normal (Watson-
Crick) base pairing in the same sequence context, an ‘X’ indicates a single insertion of the indicated base,
and the numbers 2-4 indicate two to four base insertions in the sequence. Binding to a GT mismatch
was measured in the context of different flanking sequences. See Supplementary Table S1 for full duplex
sequences.

K #» values than most of the mismatched sequences. The strongest affinity determined in
the absence of ATP was for binding a single thymidine insertion, and MutS had only very
weak affinity for TT, AG or CC mismatches, which were in the K;*? range of homoduplex
binding. These mismatches have been shown to have low affinities in other experiments as
well (39,46,47). Stronger affinities correlated with slower dissociation rates (Figure 6A, left
graph), indicating that MutS binds tighter and longer to certain DNA mismatches than to
others, which is in agreement with previous results on MutS and MutSa (20,48).

For all mismatches, both possible directions were analyzed: for example, binding
to both GT and TG were measured. Even within such pairs of mismatches differences
were observed for K (81 nM for GT; 231 nM for TG) and for k (0.023 s* for GT;
0.12 s for TG). It appears that the context of the mismatch within the DNA duplex has
an effect on binding by MutS, as our tested duplexes were not palindromic around the
mismatches and MutS binds to GT mismatches in a preferred orientation (49). To verify
that sequence context influences mismatch binding, a range of sequences was tested in
which the mismatch was kept constant and the positions of the flanking sequences were
varied. Indeed, for all seven duplex sequences tested, K,** and k ; values differed (Table 3
and Figure 6B).

Moreover, we observed a difference in the binding preference for the mismatches when

changing their direction in the DNA sequence. The order of affinities of the MutS dimer
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for single-base mismatches is as follows: Tx > Gx > GT > CA ~ GG > Ax > AA > Cx > CT
>> CC > GA > TT (where an x indicates an insertion of the indicated base), whereas in
opposite direction of these mismatches in the same DNA duplex, the order of affinities
is: GG > xA ~ xT > xC > TG > xG > AA >> AC > TC ~ CC > AG > TT. This means that
sequence context is of greater influence on some mismatches than on others, explaining
differences between the orders of affinities found in different experiments (20,46,50). The
change in affinity when changing direction of the mispair in the DNA sequence is very
pronounced for a single G insertion or for a CA mismatch: 8-fold and 11-fold respectively.
Such a large difference for CA compared with AC was not observed in a previous report

(47), indicating that the effect is dependent on the flanking sequences that are used.

In the presence of ATP MutS efficiently forms sliding clamps except when binding
homoduplex or a CC mismatch

We investigated the effect of mismatch variation on DNA binding in the presence of ATP.
This is representative for the in vivo situation, where ATP is present and MutS would then
be able to undergo a conformational change to form sliding clamps on DNA, the next step
in MMR (7,39,51). Similar to the mismatch-binding experiments without nucleotide, we
used end-blocked DNA so that sliding clamps could not slide off the DNA ends which
would make their off-rates too fast to determine. In the presence of ATP, the dissociation
rates of MutS D835R were lower than without nucleotide and very similar (between
0.012 s* and 0.025 s*) for almost all mismatches, whereas for homoduplex sequences
MutS still showed a fast dissociation rate (>0.4 s™) (Figure 6A, right graph; Table 3). This

indicates that our assay is mismatch specific, where the fast dissociation rate indicates

Figure 6. Mismatch binding and sliding clamp formation by dimeric MutS. A) Quantitative measurements
of binding of dimeric MutS D835R to 21-bp DNA of different sequences (see Supplementary Table S1) as
determined with SPR. Measured values for k; [determined with Evilfit (37,38)] are plotted against K *?
[determined with Graphpad Prism (36) as specified in the ‘Materials and methods’ section] in the absence
(left graph) and the presence (right graph) of ATP for different mismatches. Values for k ;larger than 0.4 s
could not be determined and were plotted on the dotted line at 0.4 s'. Red triangles indicate measurements
for binding homoduplex sequences. B) Variation of flanking DNA sequences around a GT mismatch is
schematically represented by colors. To achieve blocked DNA ends, anti-fluorescein antibodies were
bound to fluorescein moieties (both represented in red) that were coupled to the DNA strands. Single-
stranded DNA linkers attaching the DNA duplex to the surface of the chip are indicated by dashed lines.
Measured values for k g are plotted against K,#? in the absence (left graph) and the presence (right graph)
of ATP for binding to a GT mismatch in the context of different flanking sequences. C) MutS sliding
clamp formation was investigated for three mismatches by binding dimeric MutS D835R to unblocked
DNA, and subsequently releasing the MutS with buffer with increasing ATP concentrations at the time
point indicated by the red arrow (top three graphs). Using fixed kinetics for the slow release observed in
the absence of ATP, the contribution of a faster release corresponding to the percentage of sliding clamps
formed could be estimated for each ATP concentration (bottom graph).
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direct dissociation and the slow dissociation rates indicate sliding clamp formation and
then dissociation, thus reflecting the stable nature of the sliding clamps (7,51). In our
experiment, these slow dissociation rates of sliding clamps would dominate over any
faster release by direct dissociation. Strikingly however, although we observed that most
mismatches induce formation of the stable MutS sliding clamp, the CC mismatch released
MutS with a dissociation rate similar to a homoduplex. This indicates that a sliding clamp
is hardly formed when MutS binds this mismatch.

Affinities of MutS for the different mismatches that all form a sliding clamp still varied
over 40 fold in the presence of ATP (ranging 33 nM - 1.4 mM, Table 3). This indicates that
the efficiency of the binding and changes toward the clamp state still differs, even though
the sliding clamps formed are all equally stable. The effect of ATP on K** values is also
greater for some mismatches than for others, resulting in a different order of affinities than
in the absence of ATP. Still, T or G insertions can be very good substrates, and TT and GA
mismatches are bad substrates with affinities in the same range as homoduplex binding.

To investigate the efficiency of sliding clamp formation after binding mismatches, we
performed an SPR experiment in which MutS was bound to mismatch-DNA without
blocked ends in the absence of ATP, and was subsequently released by flowing over buffer
containing different concentrations of ATP (Figure 6C). In the case of low concentrations of
ATP, two components play a role: a slow dissociation rate for ATP-independent release (as
in Figure 7A, yellow arrow), and a faster dissociation due to sliding clamps releasing from
the free DNA ends (Figure 7A, green arrow). The fast dissociation was more pronounced
with increasing ATP concentrations, as can be seen in the graphs. Using fixed kinetic
parameters for the slow ATP-independent release, the contribution of the fast dissociation
could be estimated for each ATP concentration, which would be representative of the
efficiency of sliding clamp formation (Figure 6C, bottom graph). This revealed that for
the mismatches tested, efficiency of MutS sliding clamp formation varied at low ATP
concentrations. Kinetics at 51.2 mM and 205 mM ATP were too fast to be fitted, but
already at ATP concentrations higher than 12.8 mM, >86% of the MutS dimers are released
as sliding clamps from the three mismatches tested. Thus, except for CC, at physiological
ATP concentrations the dissociation from DNA is dominated by sliding clamp formation

rather than the mismatch and its environment.

Discussion

In this research, mutagenesis and chemical tools were used to stabilize the dimeric
and tetrameric states of E. coli MutS. The full-length MutS mutants D835R and P839E

abolished tetramerization but formed more stable dimers than the C-terminally truncated
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MutS (8) and are thus more representative for DNA mismatch repair. The stabilization
of the dimer and tetramer greatly reduced the complexity caused by a dimer-tetramer
equilibrium, which allowed for structural analysis of both states independently. Our new
insights in tetramer conformations provided understanding of its DNA-binding kinetics.
Using the stable MutS dimer, we analyzed kinetics of binding to different mismatches and
ATP-dependent sliding clamp formation as summarized in Figure 7.

We used solution scattering and crystallography to obtain structural information on
the full-length dimeric MutS protein. Combined, these techniques are powerful tools to
provide complete models for shape and conformation of proteins, as has been described
in several reviews (52,53). The SAXS data indicated that in solution, the C-termini of

A K@ =33 nM - 1.4 uM

K, =25 nM - 2.3 pM

sliding
mismatch clamp
recognition
ADP ATP
non-CC
mismatches

QOQOQQQ ~
x\x ;m \
) ey

one-site
binding

K (GT) = 6.4 nM

Figure 7. States of MutS. A) MutS recognizes a mismatch (pink star) as a dimer. Except when binding
homoduplex or a CC mismatch, MutS then exchanges its ADP for ATP and undergoes a conformational
change to form a sliding clamp on DNA. Apparent dissociation constants as determined with SPR are
indicated. B) MutS tetramers can bind DNA in each of the two dimers by occasionally bending over. The
apparent dissociation constant as determined with SPR of the MutS tetramer for DNA with a GT mismatch
is indicated.
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full-length MutS occupy space in line with the DNA-clamp domains, thus extending
the dimer. The crystal structure of full-length MutS showed an alternate position of the
C-terminal domains stabilized by crystal contacts, indicating that there is mobility of the
C-terminal domains with respect to the rest of the dimer. Nonetheless, the use of stable
full-length dimer mutants opens possibilities to address structural questions that cannot be
answered when working with the C-terminally truncated MutS dimer. One such question
regards the interaction with the B-clamp which has been reported to involve residues
within the C-terminus (54) and has recently been shown to be important for the efficiency
of MMR in vivo (55).

SAXS analysis of the stable crosslinked tetramer indicated a predominantly extended
shape, with the two dimers facing away from each other. This confirms SAXS assays by
Mendillo et al. (8), who used the C-terminal domain alone, as fusion proteins or wild-type
MutS where the tetramers were mixed with dimeric MutS. We observed that when bound
to 21-bp DNA, more features could be observed in the SAXS curve, probably caused by
stabilization of the DNA-binding clamp domains. The resulting distance distribution plot
of our measurement with the tetramer-21-bp DNA complex is in good agreement with
the predicted distance distribution plot for an extended arrangement based on the crystal
structure of MutS bound to DNA (8).

Although no single model adequately describes the tetramer bound to 60-bp DNA, the
SAXS data indicate an increase in the maximum dimension to almost twice the length of
a single tetramer. This suggests that the tetramer remains mostly extended when bound
to DNA, as bending over to bind the DNA in both sites would instead have reduced the
maximum dimension of the complex. This is in agreement with AFM studies, in which
tetramers of wild-type MutS showed one of its dimers contacting the DNA while overall
shape appeared to be extended (45). Nevertheless, detailed ensemble optimization method
analysis of our SAXS data suggests the presence of smaller population of free tetrameric
MutS in a bent-over conformation. As crosslinks could be made between residues 162
within tetramers, it is likely that the MutS tetramer occasionally bends over.

In our SPR experiments, bending over of the two dimers within the MutS tetramer
and the subsequent possibility for bivalent binding of the DNA can explain its slow
dissociation from DNA (as illustrated in Figure 7B). Although such bending over is only
a rare event in solution, as shown in the SAXS analysis, in the SPR experiments we enrich
for the bent-over tetramers as this two-site DNA-bound species binds stronger. The extra
parameters in the kinetic model for tetramer binding made the fit possible, but we are
hesitant to interpret the exact meaning of the rate constants of the steps involved, as they
can be further modulated by other factors that may play a role, such as bending of DNA
(44). Nevertheless, our more detailed analysis of the tetramer shape begins to explain the

unexpected kinetics of this form on DNA.
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Such complex kinetics was not observed for a single DNA-binding unit of MutS, the
dimer. Therefore, the dimeric MutS mutants are of great value to investigate factors that
influence efficiency in recognition or sliding clamp formation. As has been reported before
(20), we find that MutS recognizes specific mismatches better than others with differences
in K». The fact that affinities diverge is interesting, as the binding mode of MutS is similar
for all mismatches (6). It could mean that some mismatches adapt to the protein-bound
state more efficiently than others. The correlation between slow dissociation rates and
strong affinities suggests that differences in dissociation rates contribute to the differential
mismatch affinities, which is in agreement with what has been found by Huang and
Crothers (20) and what has been reported for human MutS homologs (48).

In our experiments, the flanking sequences of the mismatch influenced recognition
by the MutS dimer, as had been indicated previously for wild-type MutS (47,50) and has
also been described for MutSa (48). Since we saw that the influence of flanking sequences
is larger on some mismatches than for others, as is the influence of ATP, comparisons
between affinities for mismatches should always be made with care.

In the presence of ATP, mismatch-bound MutS can undergo a conformational change
to form a sliding clamp on DNA (7,51). The dissociation rates of the sliding clamps from
end-blocked DNA is ten times faster in our experiments than what has been reported
previously (7,42,56). This is probably due to partial dissociation of the sliding clamps at
the ssDNA linkers in our SPR setup (7), but such dissociation would be consistent for all
mismatches. We saw that at low ATP concentrations, the efficiency of clamp formation can
differ, but at concentrations above 12.8 mM ATP concentration, almost all of the MutS
protein released as sliding clamps from the mismatches that we tested in this manner.
This means that at cellular ATP concentrations [0.5-3 mM in E. coli (57)], sliding-clamp
formation is not a limiting factor to initiate subsequent steps.

As for the CC mismatch ATP-independent release was already faster than 0.4 s, the
same ATP-dependent dissociation experiment could not be performed. However, in the
experiments with excess ATP and end-blocked DNA, only for this mismatch no stable
sliding clamp formation was observed (as illustrated in Figure 7A). This may explain the
inefficient repair of the CC mismatch (46). This lack of sliding clamp formation can not be
explained solely by the low affinity of MutS for this mismatch, as a similar low affinity was
measured in the presence of ATP for binding a TT mismatch for which clamp formation
was not impaired. It has, however, been reported that MutS still kinks DNA when binding a
CC mismatch (20), indicating that MutS does bind CC differently than homoduplex. MutS
in solution shows fast ATP hydrolysis but slow nucleotide exchange (40); therefore, in our
experiment, MutS does not contain ATP in initial binding. After mismatch recognition,
MutS readily binds ATP followed by the conformational change to a sliding clamp. As the

recognition steps are not abnormal for the CC mismatch, it may be that either subsequent
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ATP binding or the conformational change is not efficient.

Concluding, we have investigated both the full-length dimer of MutS and the tetramer
of MutS separately. The bacterial mismatch repair system is easy to modify and isolate for
in vitro assays, allowing for ways to uncouple functions of MutS. Using the stable dimer, we
find that it is not mismatch binding, but the ability to undergo the correct conformational
change upon ATP binding that is correlated to mismatch repair efficiency. Again this
indicates the importance of proper mismatch verification and signaling (41,58) to achieve
specificity during this complicated DNA repair process.

Accession numbers

The coordinates of the crystal structure of MutS D835R have been deposited in the PDB
with entry code 3ZL].
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Supplementary materials and methods

Complementation mutator assay

Cells lacking a functional chromosomal mutS gene show a mutator phenotype, which
is analyzed by the frequency of rifampicin-resistant clones arising from unrepaired
polymerase errors in the rpoB gene (59). Single colonies of mutS deficient TX2929 cells
transformed with vector control or plasmids carrying the indicated gene were grown
overnight at 37°C in 3 ml LB cultures containing 100 pg/ml ampicillin. Five independent
single colonies were used per plasmid. Aliquots of 50 pl of the undiluted or 10 diluted
culture were plated on LB-agar plates containing 25 pg/mL ampicillin with or without 100

pg/mL rifampicin. Colonies were counted after o/n incubation at 37°C.

In vitro DNA mismatch repair activity assay

DNA mismatch repair activity was assessed by MutH activation. For this assay, His-tagged
MutS, MutL and MutH were expressed and purified as described (60). 400 nM MutS, 1
mM MutL and 200 nM MutH were used to cleave 10 nM of GT-mismatch containing DNA
of 484 base pairs [generated as described (61)] in 10 mM Tris-HCI pH 7.9, 5 mM MgCl,
1 mM ATP, 50 ug/ml BSA and 125 mM KCl at 37°C for 1 to 30 min. MutH endonuclease
activity was scored by the appearance of cleaved products and analyzed by 6% PAAG
electrophoresis.

Fluorescence polarization (FP) competition assay

FP measurements were done in duplo at room temperature, in a 96-well plate with 50
ml of sample per well in buffer [25 mM Hepes (pH 7.5), 150 mM KCl, 5 mM MgCl,,
0.05% TWEEN-20]. Each sample contained 0.5 nM of TAMRA-labeled 21-bp DNA with
a GT mismatch (same 21-bp sequence as in the SAXS experiments) and 32 nM of Mut$
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D835R. Competition was assessed by presence of increasing concentrations of unlabeled
DNA with the same sequence; either 21-bp duplex or 21-bp duplex with a (dT),, ssDNA
overhang. After 10 minutes of equilibration at room temperature, FP was measured using
a PheraStar Plate Reader (BMG Inc.).

Electrophoretic mobility shift assay

A radioactively labeled 41-bp DNA duplex containing a mismatch was obtained as
follows. Strand A (ATAGGACGCTGACACTGGTGCITGGCAGCTTCTAATTCGAT)
was incubated with [y -*P]-ATP and T4 PNK enzyme (New England BioLabs) in
T4 PNK buffer for 40 minutes at 37 °C. The T4 PNK was subsequently inactivated by
boiling the sample for 20 minutes. The labeled strand was then annealed with strand B
(ATCGAATTAGAAGCTGCCAGGCACCAGTGTCAGCGTCCTAT) by combining the
two strands in a 4:5 ratio in annealing buffer [25 mM Hepes (pH 7.5), 150 mM KCl, 10
mM MgCl,] and incubating them together for 20 minutes at 90 °C. The sample was then
slowly cooled to room temperature. Excess [y -*?P]-ATP was removed from the labeled
DNA using a G50 spin column (GE).

1 nM of **P-labeled DNA was incubated with varying concentrations of MutS protein
(wild type, D835R mutant or crosslinked tetramer) in buffer [25 mM Hepes (pH 7.5), 125
mM KCl, 50 mg/mL BSA, 0.5 mM ADP] in a total volume of 20 mL for 15 minutes. 4 mL
of loading buffer (50% glycerol, 20 mM EDTA) was then added to the samples. 10 mL of
each sample was loaded on a 4% acrylamide gel in TAE buffer and run for 1.5 h at 60 V at
4 °C. The gel was subsequently dried for 1 h and exposed to a phospho-imager plate for 18
h, after which the plate was scanned in a FLA-3000 phospho-imager scanner (Fujifilm).
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Supplementary figures and tables
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Supplementary Figure S1. Formation of obligate MutS tetramers by crosslinking of the single-cysteine
MutS R848C with 1,11-bis-maleimido-triethyleneglycol. A) After crosslinking, two bands can be observed
with SDS-PAGE analysis (protein is visualized with Coomassie staining), corresponding to a tetramer in
which C-terminal domains of two dimers are irreversibly coupled (see schematic representation next to
the gel). B) The stable tetramer runs as a single peak in size-exclusion chromatography (Superdex 200
16/60 column). The slight shoulder at lower elution volume, corresponding to higher-molecular weight
molecules, results from a small amount of nonspecific crosslinks and was not taken with the rest of the
peak for further experiments.

Supplementary Figure S2. SAXS analysis for the MutS dimer and tetramer. The scattering curves are
displaced in logarithmic scale for better visualization. A) Distance distribution plot for the SAXS data for
the MutS D835R dimer mutant. B) Predicted curves for crystal structure of MutS D835R (green) and the
dimerized core of MutS and the dimerized C-terminal domains as fitted in the SAXS envelope (black)
based on scattering for the MutS D835R dimer mutant (red). C) Predicted curve (black) for two MutS
cores and the tetramerized C-terminal domains as fitted in the SAXS envelope based on scattering for the
crosslinked MutS tetramer (blue). D) Guinier plots for the SAXS data of the dimer (red) and the tetramer
(blue). E) For EOM analysis of the SAXS data of the crosslinked tetramer of MutS, 10000 conformations
were generated based on the crystal structure of the dimerized residues 1-800 (from our MutS D835R
structure) linked flexibly by 22 dummy atoms to tetramerized C-terminal domains (derived from PDB
entry 20K2). The distribution of different conformations over R, is plotted. Gray curve: pool of generated
conformations. Red curve: selected conformations that together describe the scattering curve best.
Conformations representative of the major peak from the EOM analysis are shown. F) Fit (red line) of the
EOM selected conformations to the SAXS data (blue dots). G) SAXS data curves for the crosslinked MutS
tetramer bound to 21-bp DNA (orange) and 60-bp DNA (blue).
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Supplementary Figure S3. DNA binding by the different MutS oligomers. A) Fluorescence polarization
experiment with the MutS D835R dimer. When MutS is bound to 21-bp DNA with a GT mismatch and
a 5’ fluorescent TAMRA label, same-sequence 21-bp DNA can compete for binding as well as a 21-bp
duplex with a (dT),, ssDNA overhang, suggesting no extra binding of MutS to the ssDNA. B) An EMSA
assay shows shifts of radioactively labeled 41-bp heteroduplexes of DNA due to binding of wild-type
MutS, dimeric MutS D835R or crosslinked tetrameric MutS (numbers refer to monomer concentrations
in nM). First and second shift correspond dimer and tetramer binding respectively, whereas the highest
shift indicates multiple binding by the tetramer at high protein concentration. When using wild type
MutS, shifts corresponding to both dimer and tetramer species are observed at each protein concentration.
C) SPR experiments of the MutS D835R dimer binding to unblocked and end-blocked DNA. Multiple
concentrations of protein were flown over a chip with DNA with a GT mismatch (Supplementary Table
S1). The dimer shows similar kinetic profiles in SPR measurements when binding to DNA with unblocked
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ends (top graph) or DNA with blocked ends (bottom graph). In both cases, kinetics can be fitted using
a one-phase binding model. D) Normalized superposition of SPR measurements of 160 nM (monomer
concentrations) of wild type MutS, dimeric MutS D835R or the crosslinked MutS tetramer binding to
DNA with a GT mismatch (Supplementary Table S1). Differences in kinetics can be observed between the
oligomers: tetrameric MutS (orange curve) has a slower dissociation from the DNA, while dimeric MutS
D835R (green curve) comes off fast. Wild type MutS (purple curve) appears to have a profile that is an
intermediate of dimer and tetramer dissociations, suggesting a combination of these two kinetic profiles.
E) Normalized SPR measurements show binding of 320 nM (monomer concentration) of the tetramer of
MutS to different lengths of DNA with a GT mismatch (21-bp, 41-bp or 100-bp) immobilized on the chip
without ssDNA linker. The slow dissociation of the tetramer is more pronounced with increasing DNA
length. The peak at 120 s is due to the switch to the buffer injection step. F) Normalized SPR measurements
show binding of 320 nM (monomer concentration) of the tetramer of MutS to DNA with a GT mismatch
(Supplementary Table S1) immobilized with varying amounts (5, 10 or 25 RU). Different amounts of
immobilized DNA correspond to different DNA densities on the chip surface. If the stronger binding of
the tetramer observed in our assays was due to binding of two DNA strands in each of its two DNA-binding
sites, this effect would be greater in the case of higher DNA density. We only see an increased effect when
immobilizing as much as 25 RU, but not at the ~7 RU range that was used in all standard SPR experiments.
G) SPR measurements of different concentrations of the tetramer of MutS binding to 21-bp DNA with a
GT mismatch, either directly immobilized to the chip (right graph) of via a (dT),, linker (left graph). In
the case of no ssDNA linker, the tetramer shows continuing dissociation, indicating that the slow tetramer
dissociation in the assay with ssDNA linker is not due to aggregation under the experimental conditions.
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Supplementary Figure S4. Examples of EvilFit heat maps for determination of kinetic parameters of
MutS binding. Areas for which a weighted average was taken to obtain parameters are lined in red. A)
Measurements in the absence of ATP, B) measurements in the presence of 1 mM ATP.

69



70

Supplementary Table S1. Sequences used in the SPR screen for binding of MutS to different mismatches.

Flu 5° AGTCGCCAGG * ACCAGTGTCA (dT),, 3
Standard DNA sequence 3" TCAGCGGTCC * TGGTCACAGT 5°
OL1 Flu 5° G (dT), 37
- 3" TCAGCGGTCC T TGGTCACAGT 57
T Flu 57 T (dT),, 37
- 3" TCAGCGGTCC G TGGTCACAGT 57
. Flu 5° TCAGCGGTCC G dn,, 3°
- 3 T TGGTCACAGT 5~
T4 Flu 5° TCAGCGGTCC T dn,, 3°
- 3 G TGGTCACAGT 5~
oTs 57 TCAGCGGTCC G TGGTCACAGT 3~
- Flu 3 T dT),, 5°
.y 57 TCAGCGGTCC T TGGTCACAGT 3°
- Flu 3” G (dT), 57
. 5° T TGGTCACAGT 3~
- Flu 3” TCAGCGGTCC G dT),, 5°

Via a biotin-label attached at the end of the (dT),, ssDNA linker, the DNA was immobilized on a Biacore
streptavidin chip. ‘Flu’ indicates a fluorescein moiety coupled to the indicated strand. The asterisks indicate
positions of bases that were varied. In the case of insertions larger than one base, the extra bases were placed
at the position of the asterisk in the bottom strand. For GT-1 to GT-7, colors of the flanking sequences
correspond to the schematic representation in Figure 6B.

Supplementary Table S2. Activities of Mut$ variants in vivo and in vitro.

In vivo In vitro®
Variant®
Median® Range® Relative activity (%) SD (%)
pET-15b vector 230 142-250 - -
WT MutS 2 0-15 100 1
Cysteine-free MutS 3 1-11 98 7
Single-cysteine 10 1-59 113 3

MutS R848C

9 E. coli TX2929 (mutS-) was transformed with the plasmid pET-15b (vector control), wild type mutS or
mutS mutants as indicated. For details see ‘Supplementary materials and methods.
Y Median number of rifampicin-resistant clones as counted on individual plates, which arise by

spontaneous mutation in the rpoB gene. Cells lacking a functional MutS protein have a higher frequency
of mutation.

9 Minimum and maximum number of rifampicin-resitant clones on individual plates.

9 DNA cleavage by MutS-activated MutH. 400 nM MutS, 1 mM MutL and 200 nM MutH were used to
cleave 10 nM 484-bp GT mismatch containing DNA.
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Abstract

Mispaired bases in DNA are recognized by the DNA mismatch repair protein MutS, which
then signals for repair of the error. During mismatch recognition, dimers of MutS embrace
the DNA helix with their clamp domains. Previous studies showed generic flexibility of
these domains of MutS in solution. Here we present a novel crystal structure of DNA-free
MutS. In this structure, the clamp domains are repositioned due to kinking at specific
sites in the helices in the lever domains, suggesting a defined hinge point for movement
of the clamps. This hinging could allow for DNA to enter the dimer for initial binding,
implying that this is a state of MutS that precedes DNA binding. We have created mutants
aiming to perturb or stabilize the coiled coil where the kinking takes place. Preliminary
DNA-binding assays with these mutants indicate that a balance between helical folding
and kinking at this region is important for DNA binding and release of MutS.

Introduction

The DNA mismatch repair (MMR) pathway is responsible for maintaining genetic
information by correcting base-substitution and insertion-deletion mismatches generated
during DNA replication (1,2). MMR deficiency results in a mutator phenotype, and in
humans it predisposes to cancer, referred to as HNPCC or Lynch syndrome (3). MutS is
the protein that is essential for the detection of the DNA mismatch, and signals for repair
by forming a sliding clamp that activates MutL (4,5). The MutS and MutL proteins have
been evolutionarily conserved from bacteria to mammals.

MutS proteins form constitutive dimers, while some prokaryotic MutS homologs can
also tetramerize through their C-terminal domain, but this is not required for MMR (6-
8). In eukaryotic cells, the MutS homologs that are active in MMR form heterodimers
(MSH2/MSH6 or MSH2/MSH3) (9). In both prokaryotes and eukaryotes, MutS proteins
are asymmetric dimers during mismatch recognition, where only one of the subunits of
the dimer recognizes the DNA mismatch through its mismatch-binding domain. Both
subunits in MutS protein dimers, however, embrace the DNA helix with their clamp
domains (10-13).

The binding of the MutS clamp domains around the DNA helix is expected to be a general
feature, also for binding to DNA without a mismatch. However, without interaction of the
mismatch-binding domain with a DNA mismatch, the MutS dimer has only low affinity for
DNA and releases without initiation of repair (8). A crystal structure of DNA-free Thermus
aquaticus MutS indicated disorder of large portions of MutS, including the clamp domains,

in the absence of DNA, while the dimer itself was kept intact (11). Conformational freedom



Kinking of the coiled coil in the MutS lever domain allows DNA binding and release

of the clamp domains was also observed in SAXS studies with the DNA-free protein (8).
Both studies indicates that in the absence of DNA, the clamp domains of MutS dimers are
flexible, but how such flexibility is achieved is unclear.

Here we present a novel crystal structure of a DNA-free Escherichia coli MutS dimer,
in which the clamp domains are displaced compared to the mismatch-bound state. In
this structure, the conformational freedom originates from hinging over specific regions
in the lever domains that connect the clamp domains to the rest of the protein. These
lever domains extend from within the core domains of MutS and are each composed of
two helices that form an anti-parallel coiled-coil structure. Using mutagenesis and DNA
binding studies, we have investigated whether kinking of the helices in this coiled coil is
required for DNA binding by MutS.

Materials and methods

Proteins
All mutations were introduced in the mutS gene in vector pET-3d, using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene) and appropriate primer sequences (obtained
from IDT), following the manufacturers protocol.

Wild-type (WT) and mutant MutS proteins were expressed and purified as described
(10,14), except that in the final gel filtration buffer KCI was used instead of NaCl, and for
mutants MutS-G and MutS-FG the lysis buffer contained 10% glycerol and an increased

salt concentration of 400 mM.

Crystallography

Crystallization of full-length DNA-free MutS P839E was performed using MutS at a
concentration of 50 mM mixed with 100 um ADP. The protein was crystallized using
vapor diffusion with 3-8% dioxane, 1.4-1.7 mM (NH,),SO,, and 100 mM Hepes pH 7.0.
The crystal was transferred to mother liquor supplemented with 30% glycerol before flash
cooling it in liquid nitrogen.

Crystallographic data was collected at ESRF beamline ID14-1 and was processed using
iMosflm (15) and Scala (16). The initial structure was solved using molecular replacement
in Phaser (17) with part of chain A of PDB entry 1WB9 as search model. Structure
refinement was performed using Buster (18). The C-terminal tetramerization domains
are not resolved in density, probably because they are flexible (8) and their position is
not stabilized by crystal contacts in this crystal form. It should be noted that structure

refinement is ongoing; see Table 1 for current crystallographic statistics.
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Table 1. Crystallographic data collection and refinement statistics.

Data collection

X (A)

Resolution range (A)
Completeness (%)

I/o(I)

Ry (%)

Space group

Cell dimensions (A)
Total no. of observations
Total no. of unique reflections
Multiplicity

Wilson’s B-factor (A?)

Refinement

No. of atoms (protein/ligand/solvent)
Average B-factor (A?)

Rfree
R, .. (%)

Rg (%)

Bond rm.s.d. (A)
Angle rm.s.d. (°)

reflections

0.934

71.6102.85 (2.92-2.85)
98.5 (98.2)

5.9 (2.0)

21.8 (74.4)

P22 2,

113.38, 113.53, 158.90
195304 (28145)
47557 (6833)

4.1 (4.1)

53.1

11740/146/48
54.2

2357

19.3

25.1

0.010

1.20

Numbers within brackets refer to the highest resolution shell.

Protein stability measurements

Protein stability was assessed using an Optim1000 machine (Avacta Analytical). WT or
mutant MutS proteins were diluted to 0.25 mg/mL and subjected to a temperature gradient
to determine melting temperatures (T, ), which was read out by changes in tryptophan

fluorescence.

Protein Equilibrium DNA binding

Fluorescence polarization measurements to assess DNA-binding affinities of WT and
mutant MutS proteins were performed in buffer with 25 mM Hepes pH 7.5, 150 mM KCl,
5 mM MgCl,, 10% Glycerol, and 1 mg/ml BSA. A concentration of 0.5 nM of 5 labeled
TAMRA-21-bp DNA with a mismatch at position 9 (5-TAMRA-AGCTGCCAGG
CACCAGTGTCA annealed with TGACACTGGTGCTTGGCAGCT) was used as
fluorescent probe. MutS proteins were serial diluted in black flat-bottomed 384 well
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plates (Corning) in 30 mL volumes. The plate was equilibrated at RT for 5 minutes, after
which polarization of the TAMRA label was read out in a PHERAstar FS machine (BMG
Labtech) with a 540/590 (excitation/emission) FP module. K,** values were determined
using nonlinear regression fitting with Graphpad Prism (19), with a model for single-site

binding that corrects for depletion of the protein:

¢+ K+ [S] - /(- - K — [S])? - e x [S]
2c
where ¢ is the concentration of the DNA probe, and MutS concentration [S] is expressed

FP = FPfree + (FP bound _ FPfree) X

as monomers.

DNA-binding kinetics

Kinetics of binding to 21-bp DNA containing a GT mismatch, which was attached to a
streptavidin chip via a biotin-conjugated (dT),, linker, were determined using surface
plasmon resonance (SPR). The measurements were performed in a Biacore T200 system
(GE Healthcare) at 25 °C with the same setup and determination of kinetic parameters as

described previously (8).

Results

Crystal structure of DNA-free MutS

Full-length E. coli MutS was crystallized in the absence of DNA and its structure was solved
at a resolution of 2.85 A (Figure 1A). In contrast to the previously published DNA-free
Tag MutS crystal structure (11), however, the clamp domains are resolved in density in
this new structure. The arrangement of the subunits in the dimer is slightly more compact
than mismatch-bound structures of MutS, probably allowed due to the absence of DNA
between the subunits. The two mismatch-binding domains are each in different positions.
This is consistent with the variable positions of mismatch-binding domains of the subunits
that do not contact the mismatch in other crystal structures (8,11,20).

Our crystal structure of the MutS dimer contains two ADP nucleotides in its ATP-
binding domains. Although MutS has asymmetric ATPase activity within dimers (21), the
two-ADP state is the most abundant nucleotide state found for DNA-free MutS in native
mass-spectrometry measurements (22). The ATPase domains are therefore symmetric in
this DNA-free structure, while mismatch recognition induces asymmetry in the two ATP
binding sites of MutS homodimers (10,20),

The position of the clamp domains in this DNA-free crystal structure is different than
in DNA-bound MutS structures (8,10,14), confirming that in the absence of DNA, there
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Figure 1. DNA-free crystal structure of MutS with differently positioned clamp domains. A) Crystal
structure of mismatch-bound (PDB entry 1E3M) and DNA-free E. coli MutS. The two subunits are shown
as dark blue and light blue cartoons, and DNA is shown in orange. B) Superposition to show the kinking
that reorients the clamp domains of both subunits in our structure (dark blue and light blue cartoons)
with both subunits of mismatch-bound MutS (shown as red ribbons). Residues involved in the kinking of
the helices are shown in orange (441-443) and yellow (515-517). C) Schematic model in which occasional
kinking of the lever-domain helices allows the MutS dimer to ‘open up’ so that DNA, possibly containing
a mismatch (pink star), can be bound.
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is conformational freedom of these domains (Figure 1B). One of the clamp domains is
positioned closer to the core of the dimer (inward), while the other has moved outward.
Strikingly, both motions originate from hinging over the same two regions (residues 441-
443 and 515-517) in the lever domains of MutS.

The hinge points in the lever domains in our DNA-free MutS structure involve kinking
of the two helices of this domain. Interestingly, relatively high B-factors in the mismatch-
bound MutS$ structures already suggested some degree of disorder in these parts of the
helices. The presence of these defined hinge points suggests a way for MutS dimers to ‘open
up and allow a DNA helix to enter the DNA-binding site (Figure 1C), while DNA could
also be released in this manner if no sliding clamp is formed. We therefore hypothesize that

this crystal structure represents a state of Mut$ that precedes DNA binding.

Mutations to influence the kinking in the lever domain

We wanted to verify that the new crystal structure with specific hinge regions represents a
state that precedes binding of DNA, by studying the effects of mutations in these regions
on DNA binding. The lever domains of Mut$ consist mainly of two helices that form a left-
handed antiparallel coiled coil arrangement (23) (Figure 2A-B). Both helices in this coiled
coil are kinked in the DNA-free structure, and we hypothesized that the ability to kink
is inversely related to the stability of the coiled coil. Using this hypothesis, we designed
mutants aimed to stabilize or perturb the coiled coil, to further investigate the importance
of the kinking that we observe.

Coiled-coil structures are common structural motifs in which helices wrap around each
other to form a super helix. While the effect of sequence variation on coiled-coil stability
is not fully understood, it is generally accepted that hydrophobic residues such as leucines
and alanines at the a and d positions of the heptad repeats facilitate dimer interaction.
Similarly, charged residues such as glutamine or lysine at the e and g positions facilitate
interhelical electrostatic interactions (24).

We designed and purified several mutants aiming to change the helical stability of the
lever domains and labeled them alphabetically with A to G (Table 2). Two variants aimed
to promote helical folds at the kinking regions (MutS-A and MutS-B). To promote coiled-
coil stability, mutant MutS-C contains hydrophobic residues commonly found at position
a and d in the heptad repeat of coiled coils, while MutS-CD also has additional charged
residues at position e and g to allow for more ionic interactions (Figure 2B). Since the
clamp domains of the two subunits in the MutS dimer are close to each other in the DNA-
bound state (Figure 2C), repulsion between arginines in these domains could assist in the
‘opening up’ of the clamp domains. Therefore, we also designed a mutant in which these
charges are removed (MutS-E). Finally, to perturb the helical fold, we introduced Pro/Gly/
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A B
453
506
453
506
433 433
abcdefgabcdefgabcdefg
430 NEELDEWRALADGATDYLERLEVRERERT 458 526 526
536 LLLDFLEEYLQKELALAKGKSTLVKDEYEKLEPI 503 Mismatch- DNA-free
gfedcbagfedcbagfedcba bound

Figure 2. The coiled coil in the lever domain of MutS. A) Helical wheel representation of the coiled coil
in the lever domain of WT MutS. Sequences of the helices and their corresponding heptad assignment
are written below. The residues around which the kinking takes place are indicated in red. B) Structure of
the coiled coil of the lever domain as present in PDB entry 1E3M and chain A of our DNA-free structure.
Residues involved in the hydrophobic core of the coiled coil (a and d in the heptad) are colored orange, or
red for the residues that have been mutated in this study. Residues that could contribute to stability due
to ionic interactions (e and g in the heptad) are shown as light blue sticks, and dark blue for the residues
that have been mutated in this study. C) Clamp domains of DNA-bound MutS (PDB entry 1E3M). The
arginines that have been mutated in this study are shown as red sticks.

Pro motifs at the kinking regions of each of the helices separately (MutS-F and MutS-G) or
in both helices (MutS-FG).

Since mutations affecting secondary structure can influence overall protein stability, the
protein variants were subjected to thermostability measurements and compared to WT
protein (Table 2). Except for MutS-B, all variants had slightly lower melting temperatures
than WT MutS (T, = 45.5 °C). MutS-G showed a T, that was 5 °C lower than WT and
also required additional salt and glycerol in the lysis step of purification, indicating that
its stability is slightly compromised. Assays performed with some of the mutant proteins

should therefore be interpreted with caution.
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Table 2. Properties of the MutS variants used in this study.

Protein

T, (°C) K/ inFP (nM) K" in SPR (nM) k,in SPR (s")

WT MutS

Aimed to promote

45.5 32+05 69 + 4 0.025

closed state Mutations Description T, (°C) K/ inFP (nM) K, in SPR (nM) k_;in SPR (s™)
Promote helical fold in k1,

MutS-A WMMWW [GA42AIA443V] increase cc packing with 42.5 0.95+0.2 74+ 6 0.026
A443V/Y509F

MutS-B S516A Promote helical fold at 455 25403 73 £ 10 0.030
kink in h2

MutS-C W436L/Y509L/S516A Promote quality of 445 25403 76 + 20 0.016
hydrophobic core of cc
Promote quality of

W436L/L439E/T444E/ .

MutS-CD T446E/Y509L/E510K/S516A rx&owrogn coreand salt ~ 44.5 1.2+0.2 108 + 23 0.0057
bridges of cc

MutS-E R479A/R491A/R492A Charge removal in clamp 5 ; 840 + 60 200 + 38 0.030
domains

Aimed to promote

kinking Mutations Description T, (°C) K/ inFP (nM) K in SPR (nM) k_;in SPR (s™)

MutS-F D441P/A443P Pro/Gly/Pro motif in h1 42.5 22+0.7 220 £ 20 0.080

MutS-G T515P/S516G/T517P Pro/Gly/Pro motif in h2 40.5 >670 900 + 90 0.33

D441P/A443P/T515P/ Pro/Gly/Pro motif in h1
MutS-FG $516G/T517P and h2 42.5 >4600 N/A N/A

h1 = helix 1 (kinks around residue 442); h2 = helix2 (kinks around residue 516); cc = coiled coil; standard errors of fitting are indicated after the + sign; N/A: kinetic

parameters could not be determined.
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DNA binding is affected by mutations in the kinking regions

To investigate whether the mutations in the coiled coil influenced DNA binding abilities of
the proteins, we measured equilibrium binding using fluorescence polarization (FP) with
TAMRA-labeled DNA containing a GT mismatch. Interestingly, the MutS proteins with
mutations aimed to increase the stability of the helices showed similar or stronger binding
than WT protein (Table 2, Figure 3A). However, MutS-E, with charges removed from the
clamp domains, showed weaker binding (K,** = 840 + 60 nM) than WT MutS (K =
3.2 £ 0.5 nM). The mutants that were designed aiming to destabilize the helical fold at the
kinking regions also bound weaker to DNA, where mutating residues 515-517 (MutS-G,
K > 670 nM) appeared to have a larger effect than mutating residues 441-443 (MutS-F,
K, =22 + 0.7 nM).

We wondered whether these differences in affinities for DNA originated from changes
in binding kinetics due to the mutations in the lever domains. Mutants that did not show
differences in overall affinity could also have altered DNA-binding kinetics. Therefore, we
performed surface plasmon resonance (SPR) assays, in which DNA binding kinetics can
be assessed. Since the mutants were created in context of the WT protein, determination
of kinetics parameters are complicated by the dimer-tetramer equilibrium (8), but the
approximation of kinetic parameters will still be useful to compare the variants to WT
protein. Because the setup of SPR measurements is different, the values of affinities differ
in order of magnitude from the FP measurements, but variations between mutants remain
mostly consistent.

Just as in the FP assays, MutS-A, MutS-B and MutS-C had similar overall affinities for
mismatched-DNA as WT MutS (Table 2, Figure 3B), although MutS-A and MutS-C showed
some aspecific binding to the chip in the assay. For MutS-A and MutS-B, k_; values (0.026
s and 0.030 s respectively) are also comparable to that of WT (0.025 s'), indicating that
the mutations did not influence DNA binding kinetics. MutS-C, however, which does not
differ from WT in affinity for DNA, appears to release somewhat slower from DNA (k
= 0.016 s), while very slow release (k ; = 0.0057 s™) and slow association are observed in
the profiles of MutS-CD (Figure 3B). The weaker DNA binding by MutS-E, also observed
in FP, does not result from changes in release rate (k ; = 0.030 s!) but this mutant mostly
shows slower association on DNA (Figure 3B).

The mutants that have a Pro/Gly/Pro motif introduced in one of the two helices of the
lever domain (MutS-F and MutS-G) release faster from DNA than WT (k_; = 0.080 s and
0.33 5! respectively). The overall affinity is also much weaker than for WT MutS, showing
that these variants do not compensate with a faster on-rate. For the combination mutant

MutS-FG, binding was to weak to assess kinetic parameters with SPR.
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Figure 3. DNA binding by the MutS variants. A) Equilibrium binding measurements using TAMRA-
labeled 21-bp DNA containing a GT mismatch. Data points are averages between three measurements
and error bars represent SEM. B) Kinetic profiles of the MutS variants binding to 21-bp DNA containing
a GT mismatch as measured with SPR. Colors represent different protein concentrations, ranging from 5

nM to 640 nM.
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Discussion

MutS is known to possess generic conformational freedom of its clamp domains in
solution, as observed in SAXS studies (8) and in a previous crystal structure of DNA-
free Tag MutS (11). However, the nature of this disorder remained unclear. In this work,
we have shown that defined regions in helices in the lever domains of MutS can allow
for movement of the clamp domains, as observed in the new DNA-free crystal structure.
Our initial measurements indicate that perturbation of the helical fold in these regions
influences DNA binding properties of MutS, therefore we hypothesize that the state of
MutS in this new crystal structure is one that precedes DNA binding.

The symmetry of the ATPase domains in this structure suggests that MutS homodimers
are essentially symmetrical in the absence of a DNA mismatch, although flexible in
certain regions. Similar symmetry was observed in the crystal structure of DNA-free Taq
MutS, which had no nucleotide bound (11). Mismatch recognition then initially induces
asymmetry in the nucleotide status (10,20). Interestingly, when validation of the mismatch
results in binding of two ATP nucleotides (22), this asymmetry is lost again when the
sliding clamp conformation is adopted (Chapter 4).

While some mutations had little effect on DNA binding, those mutations that aimed to
improve the stability of the coiled coil of the MutS lever domain resulted in slower kinetics.
This could indicate that the ‘opening up’ of the dimer to allow DNA entering and release
indeed requires some potential to distort the coiled-coil fold.

MutS-E, which had several positive charges in the clamp domains removed, showed
weaker binding to DNA. This variant was designed aiming to change the charge repulsion
between clamp domains within the dimer, so that it would be in the closed state more often
than opening up. Indeed this could explain the reduced binding, but the removal of the
positive charges are likely to also affect initial binding to the negatively charged backbone
DNA itself. That could explain why the off-rate is not affected by the mutations, but the
low affinity is mainly due to slow association. This should be further investigated before
drawing any conclusions on the exact effects.

Introducing Pro/Gly/Pro motifs at the kinking sites (MutS-F, MutS-G, MutS-FG),
which aimed to destabilize the helical folds in those regions, had clear effects on DNA
binding . Mutations in either of the two helices resulted in weaker binding to DNA, mainly
due to faster release. In contrast to mutations that aim to improve packing of the coiled
coil (MutS-C, MutS-CD), the effect of the Pro/Gly/Pro motif on release is not balanced
out by a comparable effect on association. Possibly, the effect on the helical stability is
too big to form a stable MutS:DNA complex. The effect of introducing the Pro/Gly/Pro
motif is smaller for residues 441-443 than for residues 515-517, in-line with the smaller

sequence change since residue 442 is already a glycine in the native protein. However, the
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variants with the Pro/Gly/Pro motif all showed reduced thermostability which may have
contributed to the effects on DNA binding.

It is clear that mutating the hinge regions can affect DNA binding. However, it would

be interesting to validate that the mutations that we created have the predicted effect on

the helical stability of the kinking regions. This could be done using Forster resonance

energy transfer (FRET) experiments in which the clamp domains of a single-cysteine Mut$

variant (25,26) are fluorescently labeled (e.g. at position 456). If we can normalize for the

labeling efficiency, the amount of intramolecular FRET (for heterodimers of MutS with

two different labels) would be an indication of the amount of protein that is in the closed

state.

In conclusion, we have found unexpected defined hinge points in the middle of helices

in the lever domains of MutS. It suggests a manner in which this protein can subtly achieve

flexibility before adopting the more ordered and probably favorable DNA-bound state.

Some mutations in the hinging region have devastating effects on DNA binding properties

of MutS, suggesting that there is a fine balance of the helical stability of the lever domains

for proper DNA binding and release.
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Abstract

To avoid mutations in the genome, DNA replication is generally followed by DNA mismatch
repair (MMR). MMR starts when a MutS homolog recognizes a mismatch and undergoes
an ATP-dependent transformation to an elusive sliding clamp state. How this transient
state promotes MutL homolog recruitment and activation of repair is unclear. Here we
present a crystal structure of the MutS/MutL complex based on cysteine crosslinking
and examine how large conformational changes lead to activation of MutL. The structure
captures Mut$ in the sliding clamp conformation, where tilting of the MutS subunits across
each other pushes DNA into a new channel, and reorientation of the connector domain
creates an interface for MutL with both MutS subunits. Our work explains how the sliding
clamp promotes loading of MutL onto DNA, to activate downstream effectors. We thus
elucidate a crucial mechanism that ensures that MMR is initiated only after detection of a
DNA mismatch.

Introduction

To enable the correct and complete transfer of genetic information during cell division,
DNA polymerases efficiently replicate the genome by pairing nucleotide bases opposite their
complementary template base. However, despite the polymerase proofreading ability (1),
incorrect nucleotides are occasionally incorporated into the new DNA strand, resulting in
mutations when left uncorrected. To reduce the number of such mismatches and maintain
genomic stability, replication is followed by DNA mismatch repair (MMR) in almost all
cellular organisms (2). Initiation of this MMR system is evolutionarily conserved, although
in eukaryotes heterodimeric homologs replace the bacterial homodimeric components.
Defects in MMR result in a mutator phenotype and in humans in predisposition for cancer,
known as Lynch syndrome or HNPCC (3).

MMR is initiated when a MutS homolog binds to a mismatch. In this mismatch
recognition step, the MutS dimer kinks the DNA at the site of the mismatch and stacks
a phenylalanine onto the mispaired base (4-6). Upon ATP binding MutS releases the
mismatch (7) and travels as a ‘sliding clamp’ along the DNA helix (8-10), and only this
specific state of MutS is recognized by MutL or its homologs (11-14).

MutL proteins are constitutive dimers through their C-terminal domains, while the
N-terminal ATPase domains reorganize and dimerize upon ATP binding (11,15,16). Once
recruited by the MutS sliding clamp, the MutL homologs activate downstream repair. This
includes the nicking of the newly replicated strand by a nuclease, which is either part of

the MutL C-terminal domain (17), or a separate protein such as MutH in Escherichia coli.
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MutL also activates UvrD in bacteria to unwind the DNA (18), after which the new DNA
strand can be removed and re-replicated (2).

As loss of MutS homologs (MSH2, MSH3 and MSH6 in humans) or MutL homologs
(MLH1 and PMS?2 in humans) leads to mutator and/or cancer phenotypes, these proteins
evidently have critical roles in mismatch repair and it is therefore important to understand
their exact mechanism. Despite extensive studies (8,19-21), it is unclear how MutS
achieves the sliding-clamp state, how this promotes MutL recognition and why this results
in activation of the MutL protein.

Here, we trap the transient complex between MutS and MutL to resolve a crystal
structure of the MutS sliding clamp bound to MutL. This is, to our knowledge, the first time
that not only this MutS conformation but also the complex between MutS and MutL could
be observed. We show how rearrangements in MutS promote interactions from both MutS
subunits with a single MutL N-terminal domain, and how this domain is then positioned
to load onto DNA running through a novel channel in the MutS dimer. We use biophysical
methods to analyze the transient states and mechanistically understand the specificity and
effect of MutL binding to MutS, and functional assays to address how this affects MMR

initiation.

Materials and methods

Proteins

MutS mutants were created in the mutS gene in vector pET-3D (4,22-24) or vector pET15b
(23,24) (for His-tagged MutS$ constructs in FRET assays). MutL mutants were generated in
the mutL gene in plasmid pTX418 (15,25). Single-cysteine MutS and MutL constructs were
obtained as described (22,26). Mutant and WT MutS and MutL proteins were purified as
described previously (4,23), except that in the buffers KCI was used instead of NaCl (final
gel filtration buffer for MutS: 25 mM Hepes pH 7.5, 150 mM KCI, 1 mM dithiothreitol
(DTT); for MutL: 20 mM Tris pH 8.0, 0.5 M KCl, 10% glycerol, 1 mM DTT).

MutH was purified as follows: E. coli BL21(DE3) cells were transformed with MutH
expression plasmid pTX417 (25) and plated onto LB agar with 50 ug/ml carbenicillin.
A colony was picked and cells were grown in LB with 50 pug/ml carbenicillin at 37°C to
OD600 ~0.6 and induced with 1 mM isopropyl 1-thio-B-D-galactopyranoside for 4 hours.
Cells were harvested and resuspended in binding buffer (25 mM Tris pH 8.0, 300 mM
KCl, 10 mM imidazole, 0.2 mM DTT) with 1 mM PMSF and protease inhibitors (Roche
Diagnostics) and lysed by sonication. The cleared supernatant was incubated with Talon
resin (Clonetech Laboratories) for 30 minutes on ice. Beads were washed using binding
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buffer with 1 M KCI, and MutH was eluted with 250 mM imidazole in binding buffer. The
His-tag was removed by cleavage with Thrombin protease (~5 units thrombin/mg MutH;
GE Healthcare) while dialyzing against 20 mM Tris pH 8.0, 100 mM KCI, 0.2 mM DTT for
2 hours at 22 °C followed by overnight incubation at 4 °C. The mixture was brought to 20
mM imidazole, incubated with Talon beads to remove uncleaved protein, and loaded onto
a heparin column equilibrated in buffer A (25 mM Tris pH 8.0, 0.1 M KCI, 1 mM DTT).
MutH was eluted using a gradient of 0.1-1.0 M KCl in buffer A, pooled and diluted 2-fold
with buffer A and loaded onto a MonoQ column equilibrated with buffer A. MutH was
eluted using the same gradient, pooled and dialyzed overnight against 25 mM MES pH
5.5, 150 mM KCI, 1 mM DTT. MutH was loaded onto a MonoS column equilibrated with
25 mM MES pH 5.5, 0.1 M KCl, 1 mM DTT and eluted using a 0.1-1.0 M KCI gradient.
Peak fractions were pooled, concentrated using Centriprep 10 and loaded onto a Superdex
75 column equilibrated with 25 mM Tris pH 8.0, 250 mM KCI, 1 mM DTT. Peak fractions
were pooled, concentrated, flash frozen in 25 mM Tris pH 8.0, 250 mM KCI, 1 mM DTT,
50% glycerol and stored at -80 °C.

Small-scale protein crosslinking

Single cysteine MutS*®® and His-tagged MutL'"* proteins were reduced with 10
mM DTT for 20 minutes and O/N dialyzed into buffer B (25 mM Hepes pH 7.5, 400
mM KCl, 5 mM MgCl,, 10% glycerol) at 4 °C, to remove DTT. MutS*“** (0.57 mM)
was incubated 100-bp DNA containing a GT mismatch (AAACAGGCTTAGGC
TGGAGCTGAAGCTTAGCTTAGGATCATCGAGGATCGAGCTCGGTGCAAT
TCAGCGGTACCCAATTCGCCCTATAGGCATCCAGGTT annealed with AACCTGGA
TGCCTATAGGGCGAATTGGGTACCGCTGAATTGCACCGAGCTTGATCCT
CGATGATCCTAAGCTAAGCTTCAGCTCCAGCCTAAGCCTGTTT, 0.29 mM) for 25
minutes on ice in buffer C (25 mM Hepes pH 7.5, 125 mM KCl, 5 mM MgCl,). MutL*
(4 mM) was incubated with 5 mM ATP for 25 minutes on ice. MutS*®*°/DNA and
MutL"™*/ ATP samples were then combined to final protein concentrations 0.4 mM (DNA
concentration 0.2 mM) and additional ATP was added to a final concentration of 1 mM.
Samples were then incubated for 10 minutes at RT, after which they were adjusted to 37 °C
for 2 minutes. Crosslinker (BMOE or BM(PEO),, Pierce, dissolved to 0.5 mM in DMSO)
was added to a final concentration of 50 mM and samples were incubated for exactly 2
minutes at 37 °C. Reactions were stopped by adding protein loading buffer with DTT and
crosslinking was assessed on SDS-PAGE gels stained with Coomassie.

MutS*<*°/MutL'™ complex purification
To obtain crystallizable amounts of crosslinked MutS*“*®/MutL"* complex, equimolar
amounts of MutS*“*® D246C and His-tagged MutL'™® N131C (or with additional
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arginine mutations) were reduced and dialyzed separately, as described above. MutL'*
was diluted to 2 mM in buffer D (25 mM Hepes pH 7.5, 400 mM KCI, 10% glycerol)
and incubated with a 5-fold molar excess of BM(PEO), (from 50 mM solution in DMSO)
for 10 minutes at 4 °C. The low MutL'™* concentration prevented the formation of
MutL"™0-MutL"™ crosslinks, while the excess crosslinker ensured each MutL™ to
react with one maleimid group so that the other reactive side of the crosslinker remained
available. The MutL'"™** was then bound to Talon beads and the beads were subsequently
washed with 20 column volumes of buffer D and 20 column volumes of buffer E (25
mM Hepes pH 7.5, 150 mM KCI, 10% glycerol, 5 mM imidazole) to remove excess
crosslinker. MutS*“*® was incubated for 10 minutes with equimolar amounts of 30-
bp DNA with a GT mismatch at position 9 (AGCTGCCAGGCACCAGTGTCAGCGT
CCTAT annealed with ATAGGACGCTGACACTGGTGCTTGGCAGCT) in buffer C.
The DNA-bound MutS*“** was then added to the Talon-bound MutL'"™*, and 30-fold
excess ATP was immediately added after which everything was incubated to crosslink for
1 h at 4 °C. The beads were then washed with 10 column volumes buffer E to remove
MutSA<8°-MutSA#° crosslinks, after which the protein was eluted in buffer E with 300 mM
imidazole and DTT was added to quench excess crosslinker. The protein was bound to a
5 mL heparin column (GE) and eluted with a 0.1-1 M KCI gradient, which removed the
DNA from the protein. The elution was subsequently concentrated and purified with size-
exclusion chromatography in buffer B containing 1 mM DTT, for which two S200 16/60
columns were coupled resulting in one long column. The MutS“*/MutL'*° protein peak
was then concentrated, after which the MutS*®® concentration was estimated using & =
95,238 and the whole process (including DTT incubation and dialysis) was repeated to
obtain S,L, complexes. The resulting protein (5-10% final yield) was concentrated to 80-
90 mM (expressed in MutS monomer concentrations; € = 94,660) and flash-frozen until

further use.

Crystallization and structure solution
For crystallization, 50 mM MutS*“**/MutL"* complex was incubated with 25 mM DNA
containing a GT mismatch (27-bp: TGCCAGGCACCAGTGTCAGCGTCCTAT annealed
with ATAGGACGCTGACACTGGTGCTITGGCA or 100-bp, same sequence as above) for
25 minutes on ice. AMP-PNP was subsequently added to a concentration of 1 mM and the
protein was crystallized at 4 °C using vapor diffusion in 9-12% PEG-8000, 100 mM Tris pH
7.0,200 mM MgCl,, and 80-450 mM sodium malonate. Microseeding was used to increase
crystal nucleation. Crystals were cryoprotected in mother liquor supplemented with 25%
ethylene glycol and 100 mM KCl before flash-cooling in liquid nitrogen. Diffraction data
were collected at 100 K at beamline ID-29 at the ESRF or beamline PX-III at the SLS.
Crystallographic data were processed with XDS (27) or iMOSFLM and scaled in Aimless
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from the CCP4 suite (28). Crystal structures were solved in consecutive steps of finding
domains using Phaser (28). Several search models were used, but best results were obtained
with domains from chain A of PDB entry IW7A as search models for MutS$*“*® and chain
A from PDB entry 1BKN for MutL"*’, while clear density for residues 150-164 of MutL'"~
allowed building as in PDB entry 1NH]J. The search process was improved by going back
and forth between the different datasets to find missing domains. In one crystal form a
second conformer has a more compact conformation, probably due to crystal packing,
but as it has identical interfaces with MutL'™* we focussed on the main conformation
throughout this paper. For refinement, rigid body refinement was performed for the
separate domains, followed by refinement with external restraints generated in ProSMART
(29) to chain A of the PDB_REDO (30) optimized structure of entry 1W7A and chain
A of the PDB_REDO optimized structure of entry 1BKN. Finally, jelly-body refinement
was performed. All refinements were performed using REFMACS5 (31,32). Refinement and
data collection statistics can be found in Supplementary Table S2. Figures were generated
with MacPyMOL (http://www.pymol.org), interpolations between conformations were
created with LSQMAN (33) and electrostatic surface with CCP4mg (28). Protein interface
areas were calculated using PISA (28), for which the missing loop of residues 126-131 of
MutL"™ in interface 2 was modeled as in PDB entry INH].

MutS conformational changes

To look at changes within MutS dimers, we used MutS D835R dimer (23,26) variants that do
not form tetramers, with single cysteines in positions R449C (His-tagged), D246C, S798C,
or A336C. The proteins were labeled with Alexa Fluor 488 or Alexa Fluor 594 maleimide
(Invitrogen) according to the manufacturers instruction. Excessive dye was removed using
Zeba Spin Desalting columns (Thermo Scientific) and the degree of labeling determined
from the absorbance spectra recorded from 220-700 nm (nanodrop) according to the
manufactures instructions.

Clamp-domain crossover movement and connector domain movement within
MutS dimers were measured using Forster resonance energy transfer (FRET) in which
fluorescence emission spectra were recorded with excitation at either 485 nm (5 nm slit
width) for FRET or 590 nm (5 nm slit width) for direct acceptor measurements. FRET
was determined by the ratio between signal at 485 and 620 nm while direct acceptor
was determined by the ratio between signal at 590 and 620 nm and after correction for
spectral crosstalk the ratio FRET/acceptor was calculated, and normalized for unbound
protein. Heterodimers of single-cysteine MutS variants labeled with Alexa Fluor 488 and
Alexa Fluor 594, respectively, were allowed to form by mixing 200 nM of each protein and
incubation at 22 °C for at least 30 min in the absence of ADP in buffer F (25 mM Hepes pH
7.2, 150 mM KCl and 5 mM MgClL,) supplemented with 0.05% TWEEN-20. Next, 200 nM



MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL onto DNA

of 59-bp DNA with a GT mismatch (TGAAGCTTAGCTTAGGATCATCGAGGATCGA
GCTCGGTGCAATTCAGCGGTACCCAATT annealed with AATTGGGTACCGCT
GAATTGCACCGAGCTTGATCCTCGATGATCCTAAGCTAAGCTTCA, with blocked
ends as described above) was added, followed by addition of 1 mM ATP.

MutS-DNA FRET was measured in a Hitachi Fluorescence spectrofluorimeter
F-4500 (Program FL Solutions 2.0). Fluorescence emission spectra (600 to 700 nm)
were recorded with excitation at either 435 nm (5 nm slit width) for FRET or 590 nm
(5 nm slit width) for direct acceptor measurements. FRET was determined by the ratio
between signal at 435 and 617 nm while direct acceptor was determined by the ratio
between signal at 590 and 617 nm and after correction for spectral crosstalk the ratio
FRET/acceptor was calculated. We used 30-bp DNA with or without a GT mismatch
(AATTGCACCGAGCTTGATCCTCGATGATCC annealed with complementary strand
or GGATCATCGAGGATCGAGCTCGGTGCAATT), where the T-containing strand had
5’ and 3’ digoxigenin labels so that both DNA ends were blocked with anti-digoxigenin Fab
fragments (Roche). 100 nM of the DNA with 6 pM SYTOX Blue (Invitrogen) was mixed
with 200 nM MutS variants labeled with Alexa Fluor 594 in buffer F, after which ATP was

added to 1 mM to induce the conformational change in MutS.

In vivo MMR complementation

Spontaneous mutation rates were assessed using acquired rifampicin resistance. Strains
KR1517 (mutS, asin (34)) or GM4250 (gift from M. Marinus, (35)) (mutL) were transformed
with empty vector or plasmid containing WT or mutant MutS or His-MutL genes, and
plated on LB/agar plates with 50 mg/mL carbenicillin and 30 mg/mL kanamycin. After
overnight incubation at 37 °C, single colonies were picked and grown in 10 mL LB with
antibiotics to OD,,, ~1.0. Next, 0.33 * 10°® or 1 * 10°® cells were plated on LB plates with
antibiotics and 0.1 mg/mL rifampicin. Plates were O/N incubated at 37 °C and rifampicin
resistant colonies were counted. Mutation rates and 95% confidence intervals were
determined using Fluctuation AnaLysis CalculatOR with the MSS maximum-likelihood
method (http://www.mitochondria.org/protocols/ FALCOR. html).

DNA binding kinetics

SPR experiments for binding MutS*“*® D246C or crosslinked MutS*“**/MutL"N* complex
to DNA were performed in a Biacore T200 system (GE) as described (26). The experiments
were performed in SPR buffer containing 25 mM Hepes pH 7.5, 150 mM KCl, 5 mM
MgCl,, 1 mM DTT, 0.05% TWEEN-20 and 1 mM ATP, using immobilized biotinylated

100-bp DNA (same sequence as above) with a fluorescein moiety at the other end.
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MutL-MutS binding assay

Full-length His,-MutL binding to the full-length MutS sliding clamp was assessed using
a two-step SPR assay. The resulting graphs are not strictly affinity curves, as changes in
MutS stability on DNA contribute to the observed response, but serve to assess the effect of
mutations. The SPR buffer was supplemented with 20% glycerol to ensure MutL stability.
Before every measurement, anti-fluorescein Fab fragment (Invitrogen) was injected to
block the fluorescein-labeled DNA (100-bp, see above) ends. MutS sliding clamps were
captured on the end-blocked DNA by injecting 200 nM WT or mutant MutS protein (in
buffer with ImM ATP) for 120 s. Then WT or mutant MutL protein (in buffer with 1 mM
ATP) was injected for 120 s, followed by dissociation with buffer only. This was repeated

with varying concentrations of MutL.

DNA binding by MutL

Fluorescence polarization measurements to assess DNA-binding of MutL'™* mutants
were performed in low-salt FP buffer with 25 mM Hepes pH 7.5, 50 mM KCl, 5 mM
MgCl,, 1 mM DTT and 0.05% TWEEN-20. For full length MutL, the buffer was
supplemented with 10% glycerol. A concentration of 0.5 nM of 5" labeled TAMRA-41-
bp DNA (ATAGGACGCTGACACTGGTGCTTGGCAGCTTCTAATTCGAT annealed
with complementary strand) was used. MutL proteins were serial diluted in black 96-well
microplates (PerkinElmer) in 100 mL volumes. Polarization of the TAMRA label was read
out in a PHERAstar FS machine (BMG Labtech) with an 540/590 (excitation/emission) FP

module.

DNA kinking assays

Stopped-flow assays to assess DNA binding and kinking were performed in buffer
containing 25 mM Hepes pH 7.5, 150 mM KCl, 5 mM MgCl,, 1mM DTT, 0.05%
TWEEN-20 and 10 mM ADP, with or without 1 mM ATP. One syringe contained
50 nM of 45-bp DNA with or without a GT mismatch (GTCATCCTCG[T*]C
TCAAGCTGCCAGGCACCAGTGTCAGCGTCCTAT annealed with complementary
strand or ATAGGACGC[T*]GACACTGGTGCTTGGCAGCT TGAGACGAGGATGAC)
which was either labeled with Alexa Fluor 594 at position 11 in the top strand and Alexa
Fluor 488 at position 10 in the bottom strand (indicated by T*), or with 5’-labeled with
TAMRA in the top strand. The other syringe contained 200 nM MutS*“** D246C or
crosslinked MutS*“*°/MutL'™ complex. For assays with double-labeled DNA, donor
fluorophores were excited at 473 nm and measured using filters 540IB+540IK, while acceptor
fluorophores were measured at the same time using an OG590 filter. For experiments with
TAMRA-labeled DNA, the fluorophore was excited at 545 nm and OG540 filters were used
for read-out. Samples were co-injected in a KinetAsyst SF-61DX2 stopped-flow machine
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(TgK Scientific) fitted with R10699 photomultiplier tubes (Hamamatsu) at 15 °C and

measured for 100 s, which was repeated 5-10 times and averages were calculated.

MutH activation assay

Circular DNA containing a single GT mismatch and 12 hemi-methylated GATC sites was
prepared via primer extension on single stranded DNA from a derivative of pGEM-13Zf
(gift from J. Jiricny) as described (36) with the exception that closed circular DNA was
purified from gel using a Wizard gel purification kit (Promega). To enable quantification,
an Alexa Fluor 647 labeled oligo (IBA GmbH, Goéttingen, Germany) was used:
CCAGACGTCTGTCGACGTTGGGAAGCT[T*]GAGTATTCTATAGTGTCACCT,
where the G is nucleotide forming a GT mismatch and the T* is the Alexa Fluor 647 labeled
nucleotide. Nicking reactions contained 25 mM Hepes KOH pH 7.5, 150 mM KCl, 0.1 mg/
ml BSA, 5 mM MgCl,, 1 mM DTT, 1 mM ATP, 0.5 nM circular DNA, 200 nM MutS, 200
nM WT MutL, single-cysteine MutL N131C, MutL N131C R266E or MutL N131C R162E/
R266E/R316E and 100 nM MutH as well as two-fold dilutions thereof. Control reactions
contained either no protein or 200 nM MutS and 100 nM MutH. Reactions were incubated
for 5 minutes at 37°C and stopped with an equal volume of 20% glycerol, 1% SDS and
50 mM EDTA. Samples were analyzed on 0.8% agarose gels supplemented with 1 pug/ml
ethidium bromide, run in 1x TAE. Conversion of covalently closed circles into nicked
product was visualized using the fluorescence of the Alexa Fluor 647 label using a Typhoon
Trio Imager (GE Healthcare) with excitation at 633 nm and emission filter 670BP30.

ATPase assay

ATPase activity of WT MutS and MutS P595A/1597A/M759D was measured by coupling
ATP hydrolysis to oxidation of NADH as in (34). MutS protein (5 mM) was mixed with
3.125-500 mM ATP and hydrolysis was measured in a spectrophotometer during 5 minutes.

MutL™* dimerization assay

Crosslinked MutS*“*/MutL"™* complex (1 mg/mL) was incubated for 5 minutes on ice
with equimolar amounts of 100-bp DNA containing a GT mismatch (sequence as in main
text). MutL'™* (2 mg/mL) was incubated with the MutS*“**/MutL'"~*/DNA complex or
with DNA only, and 1 mM AMP-PNP as described (15). Samples were injected onto a
$200 5/150 column in buffer containing 20 mM Tris pH 8.0, 150 mM KCl, 0.1 mM EDTA,
5 mM MgCl,, 1 mM DTT and 5% glycerol. Eluted fractions were analyzed on SDS-PAGE

stained with Coomassie.
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Results

Structure of the MutS/MutL complex

To trap the E. coli MutS/MutL complex we used site-specific chemical crosslinking of
single-cysteine variants of MutS and MutL. First all cysteines in MutS and MutL were
replaced and functionality of the resulting protein was confirmed (22-24). Then single
cysteines were introduced to find positions where crosslinking was dependent on sliding
clamp formation. MutS D246C crosslinks specifically to MutL N131C only when a DNA
mismatch and a nucleotide are present ((24), Figure 1A, Supplementary Figure S1A),
indicating that a complex relevant for MMR is trapped.

For structural studies, we scaled up the reaction and removed C-terminal domains
from MutS and MutL (Figure 1A), to capture the complex between MutS*“*® D246C
(which we will refer to as MutS2*®) and the 40 kDa N-terminal LN40 domain (15) of
MutL N131C (which we will refer to as MutL"*). The proteins were crosslinked in the
presence of mismatched DNA and ATP, followed by purification to obtain the protein
in two successive cycles. This generated a complex where each MutS*®*® subunit in the
dimer binds to a MutL"™¥** monomer (Figure 1A, Supplementary Figure S1B,C), which was
sufficiently homogeneous and stable to allow crystallization.

We crystallized the MutS*“*°/MutL'"* complex in the presence of DNA containinga GT
mismatch and the non-hydrolyzable ATP analog AMP-PNP (adenylyl-imidodiphosphate).
The complex crystallized in several different space groups, diffracting to resolutions from
7.6 to 4.7 A. In all crystal forms, we could elucidate the same structure of the protein
complex (Figure 1B), using parts of higher-resolution MutS*“*® and MutL™* structures
for molecular replacement.

The crystal structure shows a novel conformation of MutS, in which the subunits in the
dimer are tilted across each other by ~30°, compared to the mismatch recognition state
(Figure 1C,D). The subunits are tilted as a rigid body, but the C-terminal HTH domains

hinging around residues 765-766, move with the opposite subunit, maintaining their role

Figure 1. Crystal structure of the crosslinked MutS*“**/MutL""* complex. A) DNA and ATP-dependent
crosslinking of MutS**® D246C (S) and MutL'™ N131C (L) and large-scale purification. Constructs
and domain definitions are shown. B) Crystal structure of the trapped transient complex of MutS4¢5®
dimer (blue/cyan) with MutL"N* (green). C) Comparison between MutS*“*® in mismatch-recognition
state (PDB entry 1E3M) and the MutS*“**/MutL"* complex, with MutS subunit B colored as in A). D)
The dimer subunits (blue/cyan) tilt across each other (connector and mismatch-binding domains not
shown for clarity) compared to the mismatch-bound state (red/pink). E) The connector domain (blue/
cyan) rotates around residues 265-266 compared to the mismatch-bound state (red/pink) relative to other
domains. Reorientation of residues 128 and 246 indicated. F) Each MutL'"¥* subunit (green) interacts via
two interfaces (orange/yellow) with the MutS*“® dimer (blue/cyan).
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in stabilizing MutS dimers (37). Meanwhile, the connector domains are rotated by ~160°
around residues 265-266, which moves these domains out of the center of the molecule and
packs them against the ATPase domains (Figure 1C,E). The mismatch-binding domain
could not be resolved in the density, probably because it is flexible in this state. While the
mismatch recognition state of MutS is asymmetric (4), this MutL"*-bound conformation
shows a more symmetrical MutS*“*® dimer.

The MutL"™ interaction with MutS*®*® involves two interfaces (Figure 1F). The first
interface is formed by the largest -sheet of the ATPase domain of MutL"™*, and the
ATPase and core domains of one subunit of MutS*“*®, The second interface involves the
side of this same P-sheet and a looped-out helix of MutL*, and the newly positioned
connector domain of the other MutS*“*® subunit. Each MutL™° monomer is therefore

interacting with both subunits in the MutS*“** dimer.

Conformation of the MutS sliding clamp

The novel conformation of MutS in our crystal structure reveals a rearrangement of the
subunits in the MutS*“*® dimer, tilting around the interface formed by the two ATPase
sites (Figure 1D). The tilting creates a new MutS dimer interface of ~500 A> where the
clamp domains cross over, partially from interactions between the helices themselves (200
A?), the rest from the ends of the clamp domains with the helices.

We observe nucleotide density in the ATP binding sites of both subunits in the MutS4<°
dimer (Supplementary Figure S2A), and since we crystallized the protein with AMP-PNP
we modeled these nucleotides in the density. This type of ATP-induced tilting and increased
packing of ATPase domains is more often observed upon ATP binding in ABC ATPases,
such as ATP transporters, SMCs and RAD50 (38), but although we previously predicted a
tilting motion (34), the extent of the motion and the crossing of the DNA clamp domains
of MutS was unexpected.

To validate the relevance of the observed conformational changes for the MMR process,
MutS proteins with a single cysteine at position 449 were site-specifically labeled with
two different Alexa fluorophores and combined into heterodimers by random subunit

exchange (Figure 2A). When labeled protein was bound to end-blocked DNA containing

Figure 2. The structure of the MutS*“*®/MutL"** complex reveals the MutS sliding clamp conformation.
A) FRET within MutS dimers (normalized for unbound protein) reveals residues 449 coming closer
together upon ATP addition. Bars depict mean +/- SD, n=3. B) FRET assay agrees with residue 246 on the
connector domain of MutS moving towards residue 798 upon ATP addition after mismatch recognition.
C) Mismatch and ATP-induced conformational changes open a channel lined by positively charged
residues (left: arginines and lysines as red sticks, middle: electrostatic surface), which would fita DNA helix
(right). D) FRET assay agrees with movement of DNA away from residues 449 in MutS, while approaching
residues 336 upon ATP addition.



MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL onto DNA

449°4° 15
449 449 =
w
F10
()
2
©
T 0.5
24
o
~
s &
s
3§
*
3.0
-
w
20
246 <
S
@ 10
246
0 Q
798 798 N
S I
s
3
*
| |
-0.5V Potential +0.5V
= BGT = AT
2380
449-labeled 2™
’ +ATP g 6.0
449 IF Sao
449 - £
220
w -
m I
[T 0
_ATP +ATP
336 336
S
336-labeled 580
- +ATP § 6.0
3]
g40
% | 220 )
w
o 0 =
* -ATP  +ATP

101



102

a GT mismatch, FRET increased upon ATP addition. This indicates that ATP-induced
sliding clamp formation moves these residues toward each other, in line with the shorter
distance in the new conformation (from 50 A in the mismatch-recognition state to 43 A in
the MutL"“°-bound structure).

The new position of the connector domain brings it closer to the ATPase domain (Figure
1E). To analyze this movement we combined two single-cysteine variants of MutS, labeled
in the connector domain (residue 246) and the ATPase domain (residue 798) respectively,
into heterodimers, and measured the FRET signal between these sites upon sliding clamp
formation (Figure 2B). Indeed, after ATP addition the FRET increased, indicating that
these residues come closer together. As this is measured in the absence of MutL it suggests
that after mismatch binding, ATP is sufficient to induce movement of the connector
domain away from the mismatch-recognition position.

Although the complex was crystallized in the presence of DNA containing a mismatch,
the DNA is not visible in the structure. This could be due to smearing out of the electron
density over multiple positions or the DNA may not be present in the crystal, both
indicating that the mismatch has been released, as expected for the ATP-bound state of
MutS.

The subunit tilting has occluded the original DNA binding site, but because the connector
and mismatch-binding domains have moved, a large channel (~35 A wide) in MutS has
become accessible, which could easily accommodate a DNA duplex (20 A diameter).
The new channel is lined by conserved lysines and arginines (Figure 2C, Supplementary
Figure S2C), which can govern nonspecific contacts with the negative backbone of DNA,
as expected for the MutS sliding clamp state (19). Moreover, packing of molecules in all
crystal forms results in alignment of these channels between symmetry mates or even
within the asymmetric unit (Supplementary Figure S2B). We therefore hypothesize that
the DNA is pushed down to this channel during the ATP-induced conformational changes
of Mut$ after mismatch recognition.

To test whether DNA moves down into the new channel, we analyzed FRET signals
between fluorescently labeled DNA (end-blocked) and specific sites in single-cysteine
MutS variants (Figure 2D). After addition of ATP, DNA moves away from residues 449
at the DNA-clamp position (FRET/acceptor ratio reduction ~1.5 fold), while an increase
in FRET/acceptor ratio (>3.6 fold) was observed when MutS was labeled at position 336.
Since the connector domain moves down itself, no substantial change in FRET/acceptor
ratio is observed between residue 246 and DNA (Supplementary Figure S2D). Combined,
these FRET data are in agreement with repositioning of the DNA towards the channel
created by the new conformation.

Based on these validations, we conclude that the observed MutS conformation in our

crystal structure is induced by ATP after mismatch recognition. Since the new position of
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the DNA would allow MutS to fit as a loose ring around the DNA duplex (with a channel
size similar to that of PCNA (39)), consistent with free movement over DNA (19), we

propose that this is the MutS sliding clamp conformation.

Orientation of MutL'"® on MutS

In the structure MutL"* makes two interfaces with MutS*“*®. Interface 1 orients MutL"N*
on the ATPase and core domains of MutS. Recently, a loop in Bacillus subtilis MutS was
found to be essential for MutL interaction (40). Although the equivalent loop is shorter in
E. coli MutS and the explicit residues (F319/F320) are missing, the corresponding region is
located within the ~590 A? interface (interface 1) with MutL,

We validated the observed interaction at interface 1 by a crosslinking experiment with
a short crosslinker. We created single-cysteine mutants MutS**® A336C and MutL'™
T218C (Figure 3A), which are located ~7.4 A apart in the structure, and then showed
that we could crosslink them efficiently with a short cysteine-specific crosslinker (8 A,
BMOE), dependent on the presence of both mismatched DNA and ATP. Only background
crosslinking occurred when using MutS*®® D246C (connector domain) with MutL
T218C (interface 1) under these conditions (Supplementary Figure S3A), indicating that
the crosslinking between MutS*** A336C and MutL'"™* T218C is specific.

To further verify interface 1 between MutS and MutL, we tested whether mutations
in the interface affected MMR activity in vivo, in a complementation assay with MutS or
MutL deficient cells (Figure 3B,F; Supplementary Table S1). We found several mutants of
MutL (A138E, A138E/H139A, R55D/R57D, or combinations) and a triple mutant in MutS
(P595A/1597A/M759D) that could not complement loss of wild type (WT) protein. We
purified the mutants that impaired MMR and characterized their defects. The MutS triple
mutant has a slight defect in ATPase activity but this does not impair its sliding clamp
formation (Supplementary Figure S3B,C), and other mutants with similar ATPase effects
(e.g. MutS F596A) can almost fully reconstitute MMR (41), suggesting that the in vivo
effect we observe is due to the perturbed interface with MutL.

To assess the effect of these mutations on binding of MutL to the transient MutS sliding
clamp we designed a two-stage assay using Surface Plasmon Resonance (SPR). We first
formed and trapped MutS sliding clamps on 100-bp end-blocked DNA in the presence of
ATP. Next, MutL was injected, which could then bind to these MutS clamps. By subtraction
of the MutS signal, the contribution of MutL could be evaluated for the different
mutants (Figure 3C), since MutL alone shows no DNA binding under these conditions
(Supplementary Figure S3D). Indeed the interface 1 mutants that were deficient for MMR
conferred a deficiency in binding (Figure 3D).
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Figure 3. Interaction of the MutS*“*® sliding clamp with MutL'¥*. A) Crosslinking occurs between
MutS*<5° A336C and MutL"* T218C using BMOE (right panel), as suggested by the structure (left panel).
B) Spontaneous mutation rates after complementing MutS or MutL-deficient cells with the indicated
mutants. Error bars represent 95% confidence intervals. C) SPR assay to measure MutL binding to pre-
formed MutS sliding clamps on end-blocked DNA. MutL contribution (green dotted line) is approached
by subtracting MutS-only contribution (blue line) from the total signal (solid line). Data normalized to
maximum MutS response. D) MutL and MutS mutants with deficiency in MMR show reduced MutS/MutL
complex formation in SPR. Error bars represent SD for averages between two experiments. E) The yellow
patch of MutS*“*” interacts with MutL'™*" in the new conformation after rearrangement of the connector
domain. F) Residues in MutS*“**/MutL"** interfaces. Red: full MMR deficiency upon mutation; orange:
deficiency upon combination; white: mild effect.

MutS sliding clamp recognition by MutL
The rearrangement of the connector domain creates a second interface with MutL'™*
(interface 2, Figure 3E). Previous deuterium exchange experiments (42) indicated that the
connector domain interacts with MutL, particularly via MutS glutamines 211 and 212.
Indeed in our structure these residues are buried within this ~670 A” interface with MutL*
(Figure 3F). Interestingly, the deuterium exchange experiments identified a second region
on the MutS surface that was protected upon MutL interaction in the ATPase domain
(residues 673-686). In the complex structure this region is masked by the new position of
the MutS*“*® connector domain (Supplementary Figure S3E).

The connector domain is already displaced from the mismatch-recognition position
after ATP binding (Figure 2B), and MutL"* interaction may stabilize the position of the

connector domain that we see in the crystal structure. At the resolution of our structure,
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there is no clear electron density for the connecting crosslinker that we used to stabilize the
complex, and the crosslinked residue 131C on MutL'"™* could not be modeled. However,
the distance between Ca atoms of crosslinked residue 246C in MutS*“*® and residue 132 in
MutL™ is ~15.5 A, suggesting that the exact positioning of the connector domain is not
caused by strain through the crosslinker (which is 18 A long).

On the MutL side of interface 2, residue K52 of MutL"** is involved in the interaction
with the connector domain of MutS*“* (Figure 3F). This explains the previously reported
unexpected mutator phenotype of MutL K52C (22). To confirm its role in the interface we
measured the binding of MutL K52C to the MutS sliding clamp in our SPR assay (Figure
3D). Indeed, the binding of this mutant is reduced compared to WT MutL.

The conformational change of MutS and the accompanying connector domain
movement positions the two interaction surfaces such that they become simultaneously
available for binding to the N-terminal domain of MutL (Figure 1F). Perturbing either
interface 1 or interface 2 impairs MutL binding and MMR (Figure 3F). This explains the
specificity of MutL for the MutS sliding clamp, which has never been understood before.

MutL proteins dimerize through the C-terminal LC20 domains while the LN40 domains
are monomeric in isolation, but can form unstable dimers after ADP or ATP binding or
stable dimers when incubated with AMP-PNP (15,43). Our crosslinked protein crystallizes
as MutS** dimers bound to MutL"¥*” monomers, and does not show the MutL'™*’ dimer
arrangement through crystal contacts. However, the crystal structure sterically allows
MutL dimerization (Supplementary Figure S3F), and in analytical gel filtration, MutL"*
coelutes with the S,/L, complex after incubation with DNA and AMP-PNP (Supplementary
Figure S3G).

The stoichiometry of the MutS/MutL complex in vivo is a topic of interest (44).
To obtain crystallizable complexes, MutL'* was bound to each MutS*“® subunit in
our experiments, but in MMR a symmetric complex may not be necessary. Indeed the
asymmetry of the eukaryotic MMR proteins suggest that this is not required and that a
single MutL homolog dimer will bind to one MSH2/MSH6 or MSH2/MSH3 heterodimer.
Literature suggests that interface 2 will be made with MSH2 (42), implying that interface
1 will be with MSH6. The observed MutL'™* protein would then correlate with the MLH1
subunit (45) (Supplementary Figure S3H).

Binding to MutS positions MutL on DNA

MutL and homologs have weak DNA-binding ability (41,43), which is only clearly observed
in low salt conditions, and retention of MutS on DNA upon MutL interaction has been
observed (13,46). Although different from the proposed DNA orientation in the crystal
(Supplementary Figure S2B), a model can be constructed in which the DNA running
through the channel in the MutS sliding clamp is simultaneously bound by the proposed
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Figure 4. The MutS sliding clamp positions MutL onto DNA. A) Model of DNA binding by the MutS*“#%/
MutL'"™ complex. Three arginines in the MutL'™* DNA-binding groove are shown as red spheres. B) In
the presence of ATP, MutS*“*® has a fast off-rate from 100-bp DNA and MutL' alone does not bind DNA
under physiological salt conditions (150 mM KCI), while the crosslinked MutS*“*®/MutL""** complex
releases slowly from DNA. C) Mutations in the DNA-binding groove of MutL reduce its DNA-binding
ability (observed in low salt, 50 mM KCl) and D) affect release rates of the MutS*“**/MutL"¥* complex in
physiological salt conditions.

DNA binding grooves of the MutL™* subunits (47) (Figure 4A, Supplementary Figure
S4A). While such DNA binding may require additional conformational changes of MutL,
it suggests a mechanism where MutS loads MutL onto DNA.

We tested for MutL'™* Joading onto DNA in the context of the MutS/MutL complex
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Figure 5. Implications for DNA mismatch repair initiation. A) Stopped-flow FRET and FP assay shows
kinking of 45-bp DNA by MutS*“*® binding only if there is a mismatch. Magnitude of FRET events are
indicated by stars in the cartoon. B) While MutS*“** initially kinks the DNA and subsequently releases
in the presence of ATP, the MutS*“*®/MutL**** shows a secondary FP event without kinking the DNA.
C) Nicking assay of mismatch containing closed circular DNA (ccDNA) shows that WT or single-
cysteine MutL can activate MutH, while mutations in the DNA-binding groove of MutL strongly impair
the activation. D) Spontaneous mutation rates after complementing MutL-deficient cells shows that the
DNA-binding ability of MutL is essential for MMR in vivo. Error bars represent 95% confidence intervals.
E) Model for MMR initiation. After MutS undergoes an ATP-induced conformational change to allow
binding of both subunits to one MutL molecule, MutL N-termini can interact and possibly dimerize, to be
loaded onto DNA where MutL can activate downstream effectors.

in an SPR assay, comparing MutS“*” alone with MutS*“* crosslinked to MutL"* when
it is flowed over 100-bp DNA with a GT mismatch in the presence of ATP (Figure 4B).
MutS*“#° alone displays fast release from the DNA due to ATP-dependent sliding-clamp
formation (26), as shown by the effect of blocking the end of the DNA (Supplementary
Figure S4E). The presence of crosslinked MutL"™* greatly reduces the rate of release,
suggesting additional DNA binding. The magnitude of the signal in response units on a
41-bp oligomer shows that a single MutS*“**/MutL"* complex is sufficient for this effect
(Supplementary Figure S4B,C). This delay in release from DNA is also observed when
using a mixture of WT MutL and MutS*“*®, although to a lesser extent (Supplementary
Figure S4D). The remaining slow release of the crosslinked complex is not affected by
blocking of the free DNA end by antibody (Supplementary Figure S4E) indicating that the
constitutive interaction with crosslinked MutL'™ completely stops MutS*“*®* dissociation
from DNA ends.
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To validate that the slower release from DNA is indeed due to MutL'™* binding to DNA,
we made point mutants of the MutL"¥* protein and crosslinked them to MutS. Mutation
R266E reduces DNA binding by MutL ((41,48), Figure 4B), most pronounced in full-
length context. This mutation also reduces the ability of crosslinked MutL'™*" to retain
the MutS*“*® sliding clamp on DNA (Figure 4d, Supplementary Figure S4B,F). When
introducing two additional mutations (R162E and R316E) in the MutL'™*° DNA binding
site as suggested by the crystal structure (Figure 4A), DNA binding is completely abolished
(Figure 4C) and the MutS*<*°/MutL"™* complex releases as fast as MutS*“** alone (Figure
4D, Supplementary Figure S4B,F). This indicates that MutL binds DNA when interacting
with the MutS sliding clamp.

MutL is loaded onto DNA after MutS releases the mismatch

To assess whether the loading of MutL'™ onto DNA is kinetically distinct from MutS
mismatch recognition, we set up an assay to separate events. We read out mismatch
recognition (4-6) by the kinking of DNA, which can be assessed using 45-bp heteroduplex
DNA labeled with Alexa fluorophores on each side of the mismatch ((49), Figure 5A,
Supplementary Figure S5A), in a stopped-flow set up. In parallel we follow DNA interaction
using fluorescence polarization (FP) of TAMRA-labeled DNA with the same sequence.
This shows that the kinking is concurrent with DNA binding by MutS*“*®, while kinking
is not observed when homoduplex is used (Figure 5A, Supplementary Figure S5A). When
the assay is performed in the presence of ATP, MutS*“** binds and kinks the DNA but
subsequently releases due to sliding clamp formation, after which an equilibrium is reached
between rebinding and release (Figure 5B, Supplementary Figure S5B).

In the presence of the crosslinked complex we observed a two-step sequence of events
(Figure 5B). The first increase in FP is consistent with mismatch recognition by MutS*“5®,
simultaneous with an increase in FRET due to kinking of the DNA. A second event increases
FP even more but reduces the FRET signal to below starting value (Supplementary Figure
S5B). This can be explained by release of the mismatch (unkinking) and sliding clamp
formation. Now, however, the complex does not slide oft the DNA but instead the MutL"*
is docked onto the DNA to keep the complex bound, as observed in the SPR assays (Figure
4B) and by the increase in FP (Figure 5B). At this time, since DNA has been pushed to the
new channel, the DNA is not kinked any more but kept relatively rigid by the MutL"*
binding. This, and interaction of the fluorophore itself with bound protein, can explain the
lowered FRET. The effect is also present to lesser extent when using a mixture of MutS*“*®
with WT MutL in this setup (Supplementary Figure S5C). The result indicates that MutL'*
loading occurs after mismatch recognition and sliding clamp formation by MutS*<5.
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MutL loading on DNA is essential in MMR

Since we observed that upon sliding clamp formation, MutS loads MutL onto DNA, we
wondered whether this DNA loading step is essential for MMR. Indeed we observed a
correlation with the DNA binding ability of MutL for MutH activation (Figure 5C).
Moreover, the DNA-binding mutants of MutL impair in vivo MMR ((48), Figure 5D,
Supplementary Table S1), indicating that loading of MutL onto DNA after mismatch
recognition is essential for MMR.

Taken together, our data reveal how the large conformational changes within MutS after
mismatch recognition promote MMR activation. In the mismatch and ATP activated state
(10) MutS pushes DNA into a new channel, which allows sliding of the protein over DNA.
The new state with the clamps crossed over the DNA explains the stability of the MutS
sliding clamp on DNA (46), as electrostatic interactions with DNA may stabilize the new
clamp conformation. The conformational change pushes the connector domain away from
the center and on top of the ATPase domains, to provide a second interface for the MutL
protein that binds to the opposing MutS subunit, while DNA in the new MutS channel
can also contribute to MutL binding. This loads the N-terminal domains of MutL onto
the DNA and the MutL binding delays the sliding of MutS (Figure 5E). The loading step
of MutL onto DNA is required for MutH activation and nicking, while UvrD loading and
activation at this nick (18) would follow similar validation. In this way, the requirement
of the MutS conformational change for full MutL interaction is a sophisticated validation
mechanism, which presumably is conserved in the eukaryotic homologs. It ensures that
repair is only initiated when necessary, and due to the MMR system DNA replication can
be completed with few errors incorporated in the genome.

In conclusion, we have used single-cysteine mutants and chemical crosslinking to trap
and analyze a relevant MMR intermediate state that has long been elusive. This sliding
clamp state of MutS bound to a MutL domain is highly informative. It corresponds to a
reaction intermediate that occurs during a series of conformational changes triggered by
mismatch recognition, and explains why specifically this conformation of MutS is able to
recruit MutL. A stabilized asymmetric ATP state of MutS on the mismatch will precede
this symmetric ATP state (10,19,50), and conformational changes of MutL that involve
ATP binding (12-14,43) and its C-terminal domains (16) will follow the step that has
been visualized here. The presented combination of structural and biophysical methods
provides a powerful approach to resolve conformational changes within large and transient

protein complexes that form and act during biologically relevant processes.
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Supplementary Figure S1. Crosslinking and purification of the MutS*“*/MutL"* complex. A) Single-
cysteine MutS D246C and single-cysteine MutL N131C constructs with replaced and introduced cysteine
positions are shown, and colored according to domain definitions in main text Figure 1. B) Final size-
exclusion chromatography profile and corresponding SDS-PAGE gel for the purification of the MutS<#/
MutL"* complex (SL). Pooled fractions are indicated. C) Two rounds of crosslinking and purification of
MutS4¢5° D246C and MutL"* N131C result in almost all MutS*“*® subunits crosslinked to MutL'"™*, as
shown on SDS-PAGE (elutions from Talon beads and size-exclusion chromatography [SEC] are indicated).
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MSH3_YEAST 514 ——————— [ TTSRKEVYFYLKQI TSFVDHFKM----H-QSYLSEHFKSSDGR 1 GKQSPLLF
MSH3_MOUSE 590 KCSTQEFFL IVKSLCQLKSELQA----L-MPAVNSHVQ
MSH3_HUMAN 632 KCSTQEFFLIVKTLYHLKSEFQA----I-1PAVNSHIQ 669
*
MUTS_ECOLI 392 ALR-EK-M----- GE--FAELRD-LLERAIIDTPP————————m = VL-VRDGGV IASGY-NEELDE 435
MUTS_BSUBTILIS 381 AKRIDP-C-----GD--VLEL----LEEALYENPP-- LS-VKEGNL IKDGY-NQKLDE 422
MUTS_TAQ 374 —mmmmmmmee o D--LSPLKE-ELEAALVEDPP-- LK-VSEGGL IREGY-DPDLDA 410
MSH2_YEAST 452 VWL-AP---LSHHVEP--LSKFE-EMVETTVDLDA-~—~—————————— YEENNEFMIKVEFN-EELGKI 499
MSH2_MOUSE 435 VFV-TP---LIDLRSD--FSKFQ-EMIETTLDMDQ----—======-—- VE-NHEFLVKPSFD-PNLSEL 481
MSH2_HUMAN 435 VFV-TP---LTDLRSD--FSKFQ-EMIETTLDMDQ-- VE-NHEFLVKPSFD-PNLSEL 481
MSH6_YEAST 745 Y-1-S-——omm—— SF--PEGLVEAVKSWTNAFERQ-- KA-INENIIVPQRGFDIEFDK 787
MSH6_MOUSE 886 QVV-TLQSKSPKGRF-—-PDLTAE-LQRWDTAFDHE-——-—=———————— KA-RKTGL I TPKAGFDSDYDQ 936
MSHE_HUMAN 888 QVI-SLQTKNPEGRF--PDLTVE-LNRWDTAFDHE----—-—————-—— KA-RKTGL ITPKAGFDSDYDQ 939
MSH3_YEAST 561 RLF-S---ELNELLSTTQLPHFL-TMINVSAVMEKNSDKQVMDFFNLNNYD-CSEG I IKIQR---———-~ 616
MSH3_MOUSE 628 AL1-V-—-——————EL--LSPVEH-YLKVLNGPAAK - ——=—————————— VG-DKTELFKDLSD-FPLIKK 669
MSH3_HUMAN 670 TVI-LEIP----—EL--LSPVEH-YLKILNEQAAK~-—————————m—— VG-DKTELFKDLSD-FPLIKK 714
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Supplementary Figure S2. ATP-analog and DNA in the crystal structure. A) Difference density map for
AMP-PNP (mFo-dFc at 2.80) after refinement without the nucleotide is shown for MutS subunit A in
the 4.7 A crystal structure. B) The asymmetric unit in the P2, crystal form that diffracted to 7.6 A, which
was crystallized with 100-bp DNA aligns the channels in the three MutS*“** dimers (green, violet and
pink cartoon representations) such that a DNA strand would fit through all complexes simultaneously.
C) Sequence conservation of the positively charged residues (indicated by asterisks) in the DNA channel
of the MutS sliding clamp. Red: positive charge fully conserved; orange: conserved in >50% of the species
shown; yellow: conserved in <50% of the species shown. D) No change in FRET between labeled residue
246 on MutS$ and labeled DNA is observed upon addition of ATP, in agreement with reorientation of the
connector domain concomitant with repositioning of the DNA to the new channel.
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MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL onto DNA
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Supplementary Figure S3. MutS-MutL interaction. A) MutS*“*® D246C and MutL'"¥* T218C do not
crosslink efficiently with either a short (BMOE, 8 A)ora long (BM(PEO),, 18 A) crosslinker, as e.g. seen
by lack of MutS and MutL depletion. B) MutS P595A/1597A/M759D shows ATPase activity with similar
K, (9.5 +1 mM) as WT MutS (8.1 £ 0.7 mM) but differs in K, (mutant: 3.8 + 0.1 min; WT: 8.3 + 0.2
min'). Data points are averages between two measurements and error bars indicate standard deviations.
C) MutS P595A/1597A/M759D shows similar sliding clamp formation as WT MutS (assay on end-blocked
21-bp DNA with dT,, linker (26)). D) Without preformed MutS sliding clamps, there is only little binding
of MutL to DNA. E) The region in the ATPase domain that is solvent exposed during mismatch recognition
but showed reduced deuterium exchange upon MutL binding (red, residues 673-686) (42) is buried by the
connector domain (light blue surface; orange patch is close to residues 673-686). F) The association with
the MutS*“*® sliding clamp (blue/cyan) does not sterically hinder potential dimerization by the MutL"*
domains (dimer modeled in green and grey as present in PDB entry 1NHJ). G) MutL'* (L) coelutes with
crosslinked MutS*“5/MutL"¥* complex (SL) from size-exclusion chromatography (right), after incubation
with 100-bp DNA with a GT mismatch and AMP-PNP, indicating that MutL can still dimerize in this
complex. H) Model for MSH2/MSHS interaction with MLH1/PMS?2, in which the N-terminus of MLH1
simultaneously binds to the connector domain of MSH2 and the APTase and core domains of MSH6.
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MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL onto DNA

Supplementary Figure S4. DNA binding by the MutS**®/MutL'*° complex. A) The model for MutSA“%/
MutL"* complex on DNA (orange) sterically allows for LN40 dimerization (dimer modeled in green and
grey as present in PDB entry 1NH]J). B) Analysis as in Figure 4B, but using shorter, 41-bp mismatched DNA
(ATAGGACGCTGACACTGGTGCITGGCAGCTTCTAATTCGAT annealed with ATCGAATTAGAA
GCTGCCAGGCACCAGTGTCAGCGTCCTAT) shows that crosslinked LN40 slows down the MutS
sliding clamp on with a GT mismatch, but point mutations in the MutL'** DNA-binding groove can
abolish this. C) Absolute response from the assay on 41-bp DNA fitted (single-site binding mode) to
estimate maximum signal. Comparison shows that maximum response for MutS*“**/MutL'™ binding
(150 RU) is 45% higher than for MutS*“*® alone (104 RU). Since the MutS*®*/MutL'"¥ complex is 43%
larger than MutS*“*® dimer alone, this indicates that in this assay a single MutS*“*®/MutL"¥** complex
binds the DNA duplex. D) Co-injection of WT MutL results in slower release from DNA than MutS4<*®
alone, while uncrosslinked MutL"*" only has a minor effect (traces normalized to maximum response). E)
While end-blocks on the DNA slow down MutS release, there is no effect on the already slow MutS<5%/
MutL"™* release. This is more pronounced for WT MutS, which forms more stable dimers than MutS*“®.
Crosslinked MutL'™* with mutations in the DNA-binding groove is deficient in the ability to retain
MutS*“® on DNA. F) Normalized overlay of the 1280 nM traces from Figure 4B,C.
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MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL onto DNA
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Supplementary Figure S5. DNA kinking by MutS*“** and MutS*“*/MutL'"*. A) Stopped-flow FRET and
FP assay shows kinking of 45-bp DNA by MutS binding only if there is a mismatch. Separate traces for the
fluorophores are shown (orange: acceptor; green: donor fluorophore; grey: FP). Size of FRET events are
indicated by stars. B) While MutS**® initially kinks the DNA and subsequently releases in the presence
of ATP, the MutS*“*/MutL'" complex remains bound to unkinked DNA. C) Using WT MutL (400 nM)
mixed with the MutS*“*® in this assay results in more binding at equilibrium than MutS*“*® alone, while
there is less FRET than for MutS*“*® alone. Under the graph with the FRET ratio (black: FRET; grey: FP),
separate traces for the fluorophores are shown as in A).
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Supplementary Table S1. Mutator assay with acquired rifampicin resistance.

(95% confidence
Protein Mutations per 107 interval)
MutS variant (MutL interface)
Empty vector 0.601 (0.446-0.772)
WT MutS 0.0686 (0.0408-0.101)
MutS P595A/1597A 0.0545 (0.0310-0.0826)
MutS M759D 0.0819 (0.0490-0.121)
MutS Y563A 0.0488 (0.0272-0.0749)
MutS P595A/1597A/M759D 0.704 (0.556-0.864)
MutS Y563A/P595A/1597A 0.317 (0.233-0.411)
MutS Y563A/P595A/1597A/M759D 0.773 (0.618-0.941)
MutL variant (MutS interface)
Empty vector 5.43 (4.00-7.00)
WT His-MutL 0.121 (0.0542-0.206)
His-MutL A138E 2.76 (2.12-3.46)
His-MutL H139A 0.103 (0.0439-0.179)
His-MutL A138E/H139A 4.87 (3.55-6.33)
His-MutL R55D/R57D 6.41 (4.99-7.95)
His-MutL R200D 0.663 (0.432-0.932)
His-MutL R55D/R57D/H139A 5.33 (3.93-6.89)
His-MutL R55D/R57D/A138E/H139A 6.13 (4.58-7.84)
His-MutL R55D/R57D/H139A/R200D 5.22 (3.84-6.76)
His-MutL R55D/R57D/A138E/H139A/R200D 5.48 (4.04-7.06)
MutL variant (DNA binding)
His-MutL R266E 5.87 (4.78-7.04)
His-MutL R162E/R266E/R316E 5.39 (4.37-6.49)

Mutation rates and 95% confidence intervals were determined using the Fluctuation AnaLysis CalculatOR
(http://www.mitochondria.org/protocols/FALCOR.html) using the MSS-MLE method. For MutS, at least 24
independent colonies were picked; for MutL, at least 12 independent colonies were picked.
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MutS/MutL crystal structure reveals that the MutS sliding clamp loads MutL onto DNA

Supplementary Table S2. Crystallographic data collection and refinement statistics.

Crystal form 1 Crystal form 2 Crystal form 3
27-bp DNA 27-bp DNA 100-bp DNA
Data collection
Space group C2 C2 P2,
Cell dimensions
a, b, c(A) 165.9, 188.5, 200.4 380.6, 126.5, 243.3 192.6, 109.4, 277.5
aBy (9 90.0, 94.8, 90.0 90.0, 91.4, 90.0 90.0, 90.0, 90.0
Resolution (A)* 82.7-4.71 (4.96-4.71) 49.94-6.6 (7.13-6.6)  49.3-7.6 (8.5-7.6)
R 19.4 (79.7) 21.3 (80.1) 16.8 (91.9)
I/o(1) 2.5(1.0) 3.4(1.1) 4.3 (1.0)
Completeness (%) 97.3 (98.0) 96.8 (97.7) 81.3 (82.5)
Redundancy 2.4 (2.4) 2.9(3.0) 2.3(2.2)
Refinement
Resolution (A) 4.7 6.6 7.6
No. reflections 31052 21305 11763
R, /R, 35.15/36.75 28.34/33.20 27.79/34.28
No. atoms 21915 45054 45054
Protein 21822 44868 44868
Ligand/ion 93 186 186
Water 0 0 0
B-factors
Protein 242.2 206.7 161.8
Ligand/ion 260.2 178.5 126.2
Water n/a n/a n/a
R.m.s deviations
Bond lengths (A) 0.0156 0.0145 0.0113
r.m.s.Z(bonds) 0.795 0.727 0.558
Bond angles (°) 1.8624 1.8045 1.5694
r.m.s.Z(angles) 0.854 0.827 0.709

*Highest resolution shell is shown in parentheses.
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Before cells divide, their whole genome needs to be replicated. To avoid permanent
incorporation of mutations, the DNA mismatch repair (MMR) system has evolved to
detect and remove base pairing errors. While this is not an easy task in the context of
billions of base pairs, MMR is strikingly efficient (1,2).

Central to this efficiency lies the initial recognition of the mismatch by MutS proteins.
In this research, we have zoomed in on the Escherichia coli variant of this protein to
understand how it can both sense the error and signal for repair. The structural information
gained by crystallography and single-cysteine tools has been indispensable to understand
the molecular mechanism behind the activity of MutS. At the same time, we gained crucial
information about how this signalling is transferred to the downstream effectors, starting
with MutL.

MutS proteins as regulators of repair initiation

The various states and conformations of Mut$ proteins illustrate the complex manner in
which they function. In the previous chapters, we aimed to shed light on some of these
elusive states, to better understand how initiation of MMR is regulated. The state of E.
coli MutS is difficult to define when in solution: it is in equilibrium between dimers and
tetramers (Chapter 2), and its clamp domains are mobile (Chapter 3). We found that both
of these properties affect mismatch recognition.

Until now, only the prokaryotic homodimers of MutS are known to exist in an
equilibrium between dimers and tetramers (3-6). As the tetramer has been implicated in
antirecombination (7,8), this may be a way for these prokaryotic proteins to expand their
versatility, whereas their eukaryotic homologs have diversified to each perform specialized
functions (9). Other explanations include stabilization of the dimeric state of the eukaryotic
homologs by partner proteins.

Before a mismatch has been found, MutS must sample the DNA, which is thought to
initially involve embracing the helix by the clamp domains. The presence of a mismatch
can then be detected by the mismatch-binding domain, or the protein will release again.
We observed that a delicate balance between kinking and a helical fold of the lever domains
controls DNA association and dissociation (Chapter 3). Comparable ‘opening up’ of the
dimers is expected to take place in the structurally similar eukaryotic MutS homologs.

After mismatch recognition, MutS binds ATP, which induces a conformational change
to form a sliding clamp on DNA (10-12) (Chapter 4). This occurs only when a mismatch
is recognized, with the exception of a CC mismatch (13,14). In this way, ATP is used to
validate that indeed a mismatch has been found. This switching system implies a way to
ensure that repair is only initiated when necessary. For the eukaryotic mismatch repair
proteins MutSa and MutSP, ATP-induced sliding clamp formation is also observed (15,16).
It is expected that those sliding clamps are structurally similar to that of E. coli MutS.
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As for the MMR MutS proteins, the homologous meiotic MSH4/MSH5 heterodimer
also undergoes an ATP-induced conformational change (17). In this case, however,
the resulting sliding clamp is thought to enclose two DNA helices, thus stabilizing
recombination intermediates. While the cavity for DNA in the MSH4/MSH5 dimer is
expected to be larger than for MMR MutS proteins (18), a similar conformational change
involving subunit tilting would not easily leave space for two DNA helices while still
preserving the ability to slide along the DNA. Little is known about the exact mechanism
of this heterodimer, and potentially there are two dimers that each enclose one DNA strand
and interact in a manner similar to the E. coli MutS tetramer.

The transitions between the various states of MutS result from different levels of
structural regulation: the equilibrium between dimers and tetramers involves transient
binding between C-termini; the flexibility that allows an ‘open’ state arises from partial
unfolding at specific helical sites; and the conformational change to form a sliding clamp is
specifically induced by ATP binding, resulting in increased packing of the ATPase domains
and whole-subunit tilting.

Future research may shed more light on the specific transition between the mismatch-
recognition state and the sliding-clamp state of MutS. While the tilting of the subunits may
push out the connector and mismatch-binding domains, the outward rotation of a single
connector domain could instead precede the full subunit tilting. Capturing intermediate
states for structural studies, or FRET assays combined with single-molecule studies may be
able to answer such questions (19).

Deficiency in MMR predisposes to cancer (20), but it is not always straight forward to
diagnose such predisposition when missense mutations in MMR genes are the cause of
nonfunctional proteins. Moreover, simple mapping of variants on static structures does
not always explain pathogenicity either. It could be that certain residues are important for a
different state of the protein (or transitioning toward it), or for protein-protein interactions.
Indeed pathogenic mutations are found in many different regions of MutS homologs (21),
and possibly MutS proteins are susceptible to perturbations precisely because they have to
transition between several states. Full mechanistic understanding of this complex system

is therefore crucial to understand and predict the impact of variations in MutS proteins.

Activation of MutL in MMR

While recognition and signalling of a DNA mismatch is essential, reading out this
signal to initiate repair is equally important. In MMR, MutL performs this function by
promoting nicking and unwinding of the newly replicated strand. MutL will initiate this
only upon recognition of the sliding-clamp conformation of MutS (22-25). How MutL
can so specifically recognize this MutS state was observed in the crystal structure of the

MutS/MutL complex, in which it became clear that the two binding interfaces can only be
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simultaneously bound by MutL when MutS is in the sliding-clamp state, and both interfaces
are essential for complex formation (Chapter 4). This mode of interaction and validation
can probably be directly extrapolated to the eukaryotic MutS and MutL homologs. In
this case, the heterodimeric nature of the eukaryotic proteins will more clearly impose
asymmetry on the interaction.

Due to the repositioned DNA in the channel of the MutS sliding clamp, MutL is loaded
onto the DNA by the sliding clamp (Chapter 4), whereas MutL alone has low DNA binding
affinity (26,27). In this binding, the MutL-DNA interaction itself may contribute to Mut$/
MutL/DNA complex formation. MMR is only initiated when MutL is loaded onto DNA,
thus transferring the validation of a mismatch by MutS to MutL.

This explains why MutL will only act after MutS has switched to the sliding-clamp
conformation, but does not revealhow MutL in turn initiates repair. Possibly, the localization
of MutL towards DNA is the first essential step, but the presence of a mismatch still needs
to be communicated to a strand discrimination site. In E. coli, his could mean that the
whole MutS/MutL complex has to travel towards a GATC site, where the endonuclease
MutH can make a nick (28). While crosslinked MutS/MutL does not travel as freely on
DNA as the MutS sliding clamp alone (Chapter 4), dynamic binding of MutL to the MutS
sliding clamp could virtually result in sliding of the whole complex.

Additionally, MutL can undergo ATP-induced conformational changes, which include
structuring and dimerization of the N-terminal domains, and compaction of the dimer (29-
31). The exact effect and timing of these slow conformational changes is not clear, but they
may be required for activation of MutH and UvrD. The dimeric assembly of the N-terminal
domain of MutL is compatible with its interaction with the MutS sliding clamp and DNA
(Chapter 4). This leaves the possibility for a model where the dimerization of the MutL
N-termini occurs during MutS interaction. This could either place the MutL C-termini
on the same side of the DNA (close to the C-terminus of MutS), or on the other side of
the DNA, thus enclosing the helix between the flexible linkers of MutL. The possibility of
enclosing DNA has been suggested and observed for MutL proteins previously (26,32-35).
If then the MutL N-termini interact with the C-termini as suggested (31), this compaction
would in the MutL variants with endonuclease activity direct these nicking domains
towards the DNA. B-clamp or PCNA interaction by the C-terminal domains (36-38) could
in this case be responsible for the strand discrimination. How exactly MutH (in E. coli) or
helicase activities are activated, however, is not answered by this model and should be the

focus of future research.

In Chapter 1, we discussed the well-regulated initiation of DNA mismatch repair and
the many cellular functions to which MMR proteins are coupled. Interactions with the

replication machinery not only allows direct coupling of repair, but also links the MMR
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proteins to the numerous signalling pathways that are associated with replication.
Moreover, the specialized eukaryotic variants and their interacting proteins result in many
layers of cellular regulation. Added to the intrinsic conformational versatility of MutS and
MutL proteins that we described in this research, it is not surprising that a wide variety of

functions are attributed to these proteins.
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Summary

Summary

To ensure proper functioning of new cells, the genetic information of the parent cell needs
to be copied accurately. The large number of base pairs in most genomes make this a
difficult task, in which creating errors is inevitable. To resolve this, almost all cells contain a
DNA mismatch repair (MMR) system, which efliciently removes most of the errors. MMR
is therefore essential to maintain a stable genome, and defects in MMR can lead to cancer
in humans. The MMR system requires multiple successive steps for initiation, which are

the focus of the research in this thesis.

In Chapter 1, we give an overview of MMR and explain how this system prevents
incorporation of replication errors. We zoom in on the two key proteins that initiate the
repair: MutS and MutL. Although these proteins are well-conserved throughout evolution,
eukaryotes contain multiple homologs that are specialized in different types of error repair
and are linked to several cellular systems. To understand these complex systems, it is helpful
to study the basic MMR mechanism in Escherichia coli. We discuss the multiple states that
MutS adopts during mismatch repair, in which the detection of a mismatch is validated
by ATP and signalled by changing to a sliding clamp conformation. MutL activates
downstream effectors upon binding to the MutS sliding clamp, while MutL proteins can
also use ATP to change conformation. These different layers of regulation emphasize the

complex manner in which MutS and MutL control initiation of DNA mismatch repair.

Chapter 2 focusses on the dimeric and tetrameric assemblies of E. coli MutS. The equilibrium
between these oligomeric states complicates kinetic analysis of DNA binding by MutS.
Using point mutations and crosslinking in the tetramerization domains, we stabilized
the dimer and tetramer of MutS separately. We found that the tetramer of MutS binds
stronger to DNA, probably due to binding of DNA by both dimers within the tetramer.
DNA-binding experiments with stable MutS dimers showed that affinities differ greatly,
depending on the mismatch and the flanking DNA sequence. Moreover, we observed that
MutS did not efficiently form an ATP-induced sliding clamp after binding a CC mismatch,

explaining why this mismatch is not repaired efficiently.

In Chapter 3, we discuss the flexibility of the MutS clamp domains, which allows the
MutS dimer to associate onto DNA and dissociate from it. We present a DNA-free crystal
structure of a MutS dimer, which shows kinking in specific regions, allowing for movement
of the clamp domains. Using mutagenesis, we validated that the ability to kink these regions
is important for DNA binding by MutS.

137



138

In Chapter 4, we shed light on the signalling from mismatch recognition to downstream
repair events. We crosslinked MutS$ to the N-terminal domain of MutL, and crystallized
the stable complex. In this structure, MutS is in the sliding clamp conformation, which we
validate using FRET. The ATP-induced conformational change in MutS pushes the DNA
into a new channel, and MutS forms a loose ring around the DNA helix. At the same time,
the connector domain has rotated outward and is available for MutL, so that MutL can
bind to a MutS dimer via two interfaces. The structure of the complex suggests that MutS
loads MutL onto DNA where it can activate downstream effectors, which we validate using

mutagenesis.

In Chapter 5, we discuss the findings of Chapters 2-4 and place them in the context of the
general MMR knowledge. While the different states of MutS allow subtle regulation of
MMR initiation, future work may include studies of the transitions between these states.
Moreover, conformational changes in MutL after binding to MutS may be necessary to
activate the downstream effectors, of which more understanding is required. Finally, the
conformational versatility of these proteins helps us to understand how their diverse

cellular functions can be achieved.



Samenvatting

Samenvatting

Om het functioneren van nieuwe cellen te waarborgen, moet de genetische informatie van
de ouder-cel nauwkeurig worden gekopieerd. Het grote aantal basenparen in het genoom
maakt dit een lastige taak, waarbij het maken van fouten (zogenaamde ‘mismatches’)
onvermijdelijk is. Om dit op te lossen bevatten bijna alle cellen een systeem voor DNA
mismatch herstel (DNA mismatch repair; MMR), dat efficiént de meeste fouten verwijdert.
Omdat MMR belangrijk is om een stabiel genoom te behouden, is het duidelijk dat een
niet-functioneel MMR systeem bij mensen kan leiden tot kanker. De activatie van MMR
vereist meerdere opeenvolgende stappen die de focus van het onderzoek in dit proefschrift

zijn.

In Hoofdstuk 1 geven we een overzicht van MMR en leggen we uit hoe dit systeem replicatie-
fouten herstelt. We richten ons op de twee belangrijkste eiwitten die het herstel starten:
MutS en MutL. Hoewel deze eiwitten evolutionair zijn geconserveerd bevatten eukaryote
organismes meerdere homologen, die gespecialiseerd zijn in verschillende soorten
herstel en die gekoppeld zijn aan verscheidene cellulaire functies. Om deze complexe
systemen te begrijpen is het nuttig om het basale MMR mechanisme van Escherichia coli
te bestuderen. We bespreken de verschillende conformaties die MutS aanneemt tijdens
MMR, waarbij de detectie van een mismatch wordt gevalideerd door ATP te binden en als
signaal wordt doorgegeven wanneer MutS zich tot een ring om DNA vormt (de sliding-
clamp conformatie). MutL bindt aan deze MutS sliding-clamp en activeert dan andere
eiwitten, terwijl MutL zelf ook ATP kan gebruiken om van conformatie te veranderen.
Deze verschillende lagen van regulering benadrukken de complexe wijze waarop MutS en

MutL het starten van DNA mismatch herstel dirigeren.

Hoofdstuk 2 richt zich op de dimeer- en tetrameer-samenstelling van E. coli MutS. De
overgang tussen deze oligomere toestanden bemoeilijkt kinetische analyse van DNA-
binding door MutS. Met behulp van mutaties en chemische verbindingen in de tetramerisatie
domeinen stabiliseerden we de dimeer en de tetrameer van MutS afzonderlijk. We kwamen
erachter dat de tetrameer van MutS sterker aan DNA bindt, waarschijnlijk doordat beide
dimeren in de tetrameer aan DNA kunnen binden. In DNA-bindingsexperimenten met
stabiele MutS dimeren bleek dat de bindings-affiniteit sterk kan verschillen, athankelijk van
de mismatch en de DNA-sequentie rondom de mismatch. Bovendien zagen we dat Mut$
niet goed in staat is om de ATP-geinduceerde sliding-clamp conformatie aan te nemen in
het geval van een CC mismatch, wat verklaart waarom deze mismatch niet efficiént wordt

gerepareerd.
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In Hoofdstuk 3 bespreken we de flexibiliteit van de MutS clamp-domeinen, die het
mogelijk maakt dat de MutS dimeer aan DNA bindt en er weer vanaf gaat. We presenteren
de kristalstructuur van een MutS dimeer zonder DNA, die knikken in bepaalde gebieden
laat zien, waardoor beweging van de clamp-domeinen mogelijk is. Met behulp van mutaties
in die gebieden bevestigden we dat deze knikken belangrijk zijn voor DNA-binding door
MutS.

In Hoofdstuk 4 onderzoeken we hoe mismatch-herkenning wordt omgezet tot een signaal
dat aangeeft dat herstel moet starten. We maakten een chemische verbinding tussen Mut$S
en het N-terminale domein van MutL en kristalliseerden dit stabiele complex. In de
kristalstructuur is MutS in de sliding-clamp conformatie, wat we konden bevestigen met
fluorescentie-experimenten. De door ATP geinduceerde conformatieverandering in MutS
duwt het DNA naar een nieuw kanaal, waardoor MutS dan een losse ring rond de DNA helix
vormt. Tegelijkertijd is het connector-domein naar buiten gedraaid, waar het beschikbaar
is voor MutL, zodat MutL kan binden aan de MutS dimeer via twee bindingsvlakken. De
kristalstructuur van het complex suggereert dat MutL door MutS op DNA geladen wordt

en dan het herstel kan opstarten, wat we bevestigden door mutaties in MutL te maken.

In hoofdstuk 5 bespreken we de bevindingen van de hoofdstukken 2-4 en plaatsen we ze
in de context van wat er al bekend is rond MMR. De verschillende toestanden van MutS
maken het mogelijk om de initiatie van MMR op subtiele wijze te reguleren. Toekomstig
onderzoek kan zich richten op de overgang tussen deze toestanden. Bovendien kunnen
conformatieveranderingen in MutL na binding aan MutS noodzakelijk zijn voor het starten
van herstel; een onderwerp dat nog meer inzicht vereist. Tot slot heeft de conformationele
veelzijdigheid van deze eiwitten ons wat beter laten begrijpen hoe ze hun verscheidene

cellulaire functies kunnen uitoefenen.
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