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Abstract

DNA mismatch repair corrects replication errors, thus reducing mutation rates and microsatellite
instability. Genetic defects in this pathway cause Lynch Syndrome and various cancers in humans.
Binding of a mispaired or unpaired base by bacterial MutS and eukaryotic MutSa is well
characterized. We report here crystal structures of human MutSp complexed with DNA containing
insertion-deletion loops (IDL) of 2, 3, 4, or 6 unpaired nucleotides. In contrast to eukaryotic
MutSa and bacterial MutS, which bind the base of a mismatched nucleotide, MutSp binds three
phosphates in an IDL. DNA is severely bent at the IDL; unpaired bases are flipped out into the
major groove and partially exposed to solvent. A normal downstream basepair can become
unpaired; thereby a single unpaired base can be converted to an IDL of 2 nucleotides and
recognized by MutSP. The C-terminal dimerization domains form an integral part of the MutS
structure and coordinate asymmetrical ATP hydrolysis by Msh2 and Msh3 with mismatch binding
to signal for repair.
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INTRODUCTION

Nucleotide misincorporation or strand slippage at repetitive sequences during replication
results in mispaired or unpaired DNA bases. Mismatched bases are recognized by MutS,
which in the presence of ATP recruits MutL to initiate the repair process 1—#. Eukaryotes
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have two MutS homologs, a and . MutSa, a heterodimer of MutS homologs Msh2 and
Msh6, recognizes a base mispair or 1—2 unpaired bases, like homodimeric bacterial MutS 1.
In contrast, MutSp, a heterodimer of Msh2 and Msh3, recognizes insertion-deletion loops
(IDL) of 1—15 nucleotides, as well as DNA with a 3" single-stranded overhang >—8.
Inactivation of MutS or MutL by mutation, or reduced expression of human MutLa due to
promoter hypermethylation, leads to increased mutation rates and microsatellite

instability =13, In humans such defects are correlated with susceptibility to hereditary non-
polyposis colorectal cancer (HNPCC), also known as Lynch Syndrome 14. Loss of MSH3 in
tumor cells is correlated with increased microsatellite instability of tri- and tetra-nucleotide
repeats (1° and references therein). Mice with Msh3 knocked out develop cancers only late
in life, but a double knockout of Msh3 and Msh6 renders mice far more susceptible to
cancer than the single knockout of either gene 1113,

Mechanistically, MutSa functions similarly to bacterial MutS, by inserting the mismatch-
binding domain (MBD) of Msh6 into the minor groove at the mismatch site and pulling a
mispaired or unpaired base toward it to form n-stacking with a conserved

phenylalanine 16—18_ As a result, normal base stacking is disrupted and the DNA is bent 45
—60°. Although MutSp recognizes 1—2 unpaired nucleotides as does MutSa, and Msh3 is
homologous to MutS and Msh6, Msh3 lacks this conserved Phe. Mutation of the Phe in
Msh6 or replacement of the corresponding residue in Msh3 (Lys) by Phe diminishes the
ability of these MutS homologs to bind all forms of mismatched DNA 19—21, Although
Msh2 is present in both MutSa and MutSp, the MBD of Msh2 is required for mismatch
binding only by MutSp, not by MutSa 2223, Extensive mutagenic studies have revealed
residues critical for IDL recognition and led to the conclusion that MutSp recognizes
mismatches very differently from MutS and MutSa 821,

MutSB is involved in more than mismatch repair. In yeast, MutSp participates in double-
strand break repair and binds a 3" overhang as well as a 3" flap formed during double-strand
break repair by single-strand annealing 824—26, In mammals, MutS is required for the
mutagenic expansion of trinucleotide repeats and may thus be a culprit in myotonic
dystrophy, fragile X syndrome and Huntington’s disease 2/—2°. Trinucleotide repeats can
form unique IDLs and be bound by MutSpB. While short IDLs in these repeats are repaired
efficiently by MutSp, long or clustered IDLs are refractory to repair 3—32, and attempted
repair may lead to expansion.

In order to clarify the functions of MutSp, we report here crystal structures of mismatched
DNA complexed with MutSp that include the previously missing C-terminal dimerization
domains present in all MutS functional homologs. The molecular mechanism of recognition
of a variety of IDLs, and of the ATP-mediated signaling for later steps of mismatch repair, is
presented.

Structure of MutSp—DNA complexes

A form of human MutSp consisting of full-length MSH2 and trimmed MSH3 (211—1125
aa, abbreviated as MutSp hereafter) was generated for structural studies (see Methods). It
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retains the ATPase activity and binding affinity for IDLs of the full-length species
(Supplementary Fig. 1). MutSp binds mismatched DNA with sub-nanomolar Kd’s, which
are much lower than the values previously measured in the presence of competitor

DNAs 3334 MutSB was co-crystallized with IDLs of 2, 3, 4, or 6 unpaired bases flanked by
10—12 bp duplexes, in three different crystal lattices (Table 1). These structures, named
according to the IDL size as Loop2, Loop3, Loop4 and Loop6, were determined and refined
(Methods, Supplementary Fig. 2). Only 1—2 nucleotides at the DNA ends, some residues at
the extreme N- and C-termini, and a few solvent-exposed internal loops are disordered. Even
at the low resolution of 4.3A, the DNA and protein domains are well defined in Loop6.
Except for the DNA-binding domains, the four MutSp structures are superimposable.

The overall shape of the MutSp —IDL complexes is similar to those of human MutSa and
bacterial MutS—DNA complexes 16—18 (Fig. 1a). The five structural domains (I—V) are
conserved in Msh3. Domains | (MBD) and IV (clamp) are involved in DNA binding (Fig.
1b). Domain V contains the ABC-family ATPase. Domains Il and Il connect the ATPase
domain (V) to the two DNA-binding domains (Fig. 2a—b). The MSH2 subunit in MutSp
differs remarkably from that in MutSa, with domain | shifted by 5.3A and rotated 21° (Fig.
2a). In contrast, MSH3 and MSH6 superimpose well, with an rmsd of 2.2A over 726 pairs of
Ca atoms; MSH3 also superimposes well with bacterial MutS except for domain 1V (Fig 2 b
—c). MSH2 and MSH3 dimerize between both domains I and V and form an elongated oval
with the DNA bound near one end and the ATPase site at the other (Fig. 1a, 2d). Although
no ADP or ATP was added during purification or crystallization, an ADP molecule is bound
to MSH2 (Fig. 1a). This suggests that ADP binds MSH2 more tightly than previously
reported 3°, and may be routinely co-purified with MutSp.

The MutSp structures reveal two new features. Firstly, the dimerization domains (DMDs) at
the C-termini, which were excluded or disordered in all previously known MutS structures,
are observed atop the rest of MutS for the first time (Fig. 1a). They strengthen the
heterodimer and establish the asymmetry of the nucleotide binding by MSH2 and MSH3
(see later). Secondly, the degree of DNA bending and the mechanism of mismatch
recognition by MutSp differ appreciably from bacterial MutS and MutSa. DNA is severely
bent at an IDL because the extra nucleotides in one strand disrupt normal base stacking 36.
The bending angle increases from 90° in Loop2 to 120° in Loop6 (Fig. 1b). The bases in the
IDL are rotated away from MutSp towards the solvent exposed major groove. They often
stack with one another and roughly maintain their 3.4A spacing.

Recognition of IDLs

The IDLs interact chiefly with domain | of MSH3 (MBD) and partially with domain | of
MSH2. Although the structure of the MBD is identical among MutS homologs (Fig. 2¢), and
MSH3 inserts its MBD into the DNA minor groove like MSH6 and bacterial MutS (Fig. 3a),
changes of six amino acids in MSH3 on two DNA-binding loops (Supplementary Fig. 3)
fundamentally alter the interactions of MutSp with a mismatch site.

Instead of forming m-stacking with a mismatched base, MutSp uses a group of residues to
bind and distort the phospho-sugar backbone of an IDL. MSH3 replaces the n-stacking Phe
of MSH6 and bacterial MutS with a Lys (Lys246) and acquires a Tyr (Tyr245) immediately
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before it. This Tyr-Lys pair, conserved among Msh3 homologs, burrows into DNA at the
IDL site, widens the minor groove and breaks the helix into three segments: the IDL and two
flanking duplex arms (Fig. 3a—c). Each DNA consists of a plus strand that has additional
nucleotides and a complementary minus strand. Tyr245 is inserted between the adjacent
nucleotides on the minus strand opposite the IDL and bends the strand sharply (Fig. 3c—d).
It interacts with the base pair immediately upstream of the IDL and forms a w-stack with the
downstream minus strand in the Loop2 and Loop3 structures. The IDL on the plus strand
bends more smoothly. Lys246 along with Ser275, which replaces a conserved Gly in Msh6
and MutS, form numerous interactions with the first phosphates in an IDL inside the
widened minor groove. Through the Tyr-Lys pair, MutSp binds an IDL with strand and
orientation specificity. Mutations of the Tyr-Lys pair or the Ser275 equivalent in
Saccharomyces cerevisiae (yeast) MSH3 cause a mutator phenotype and microsatellite
instability 21:22,

The mainchain atoms of 116276 and Pro277 and sidechains of His279 and Arg280 (unique
among Msh3 homologs), fix the second and third phosphates of an IDL (or the downstream
nucleotide in Loop2). Although Pro277 is highly conserved among MutS homologs, it
contacts and stabilizes the m-stacking Phe instead in MutS and Msh6. Interestingly,
mutations of the equivalent of Pro277 in yeast MSH3 and MSH6 lead to very different
levels of repair deficiency 22. His284 of Msh3, which replaces Tyr in Msh6 and MutS
(Supplementary Fig. 3) and is critical for IDL repair 2%, makes favorable interactions with
the third phosphate of an IDL and avoids steric clashes (Fig. 3). The distorted IDL is further
stabilized through phosphate backbone interactions by 11263, Tyr264 and His266 on a 3
strand outside of the minor groove (Supplementary Fig. 4). As a result, the positions of the
first three phosphates of each IDL are the same in all four structures.

When an IDL is longer than 3 nucleotides, Phe42 of MSH2 (an equivalent to the n-stacking
Phe in Msh6 and MutS) forms a wt-stack with the fourth unpaired base. Asp41, Lys65, Val79
and Ser81 of MSH2 interact with the plus strand (Fig. 3d, Supplementary Fig. 4). These
interactions are absent in the MutSa—DNA complex structures and explain why domain |
of MSH?2 is required for MutSp to bind an IDL 2223, Domains | of MSH2 and MSH3
interact directly (Fig. 2d) and maintain the same interactions in all four MutSp structures
(Fig. 1b, 3d). Different IDLs are fitted into this framework by bending at different angles.
Domains IV of MSH2 and MSH3 barely contact one another and move independently (Fig.
2a—c), which gives rise to an “accordion” effect and accommodates different sizes of IDL
with different DNA bending angles (Fig. 3d).

Recognition of IDLs is aided by substantial contacts between DNA duplexes and MSH3. A
loop from residues 300 to 319 in the MSH3 MBD interacts with the upstream duplex in the
major groove, covering 8 bps (Fig. 3a—c). The short helix on this loop interacts with the
helical arm of domain IV (Fig. 2b) and coordinates the binding of the downstream duplex by
the globular head of domain IV, which is hydrogen bonded with three consecutive
phosphates on the plus strand. No interaction with the minus strand is observed in the
downstream duplex. Our structures fully agree with the DNA footprinting analyses 8. The
interaction of MSH3 with both strands upstream of the IDL, but only the plus strand
downstream, explains why MutSp can bind a DNA end with a 3" overhang 24—26
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(Supplementary Fig. 1), because the overhang can be the surrogate of an IDL and the
downstream plus strand.

Isomerization of mismatched DNA

MSH3 has little contact with the IDL bases, and these unpaired bases adopt different
conformations in the four structures. Loop2, Loop4 and Loop6 have 1, 2 and 3 CA
dinucleotide repeats, respectively. In these structures the first C is flipped out and solvent
exposed, and the second, third, and fourth bases, if present, are stacked with each other (Fig.
3d). But in Loop3, where the IDL sequence is ACA, the 5 A becomes stacked with the
other two unpaired bases and contacts the sidechain of Lys246. In Loop6, the fifth base slips
out and the sixth is stacked with the downstream duplex (Fig. 3d). Additional unpaired
nucleotides may slip out between the fourth and sixth base of an IDL as observed in Loop6.

In Loop3 a normal G:C basepair immediately downstream of the IDL becomes unpaired
~50% of the time, and the G is flipped out and stacks with Phe42 of MSH2 like the fourth
unpaired IDL base in Loop4 and Loop6 (Supplementary Fig. 4, 5). Conversely, the fourth
IDL base in Loop4 has a second minor conformation of stacking with the downstream
duplex, like the sixth IDL base in Loop6 (Supplementary Fig. 2b, 4, 5). Conversion of an
unpaired base to a mismatched basepair was also observed with E. coli MutS 37, The
consistent interactions with the first 3 phosphates of the IDL in all four structures indicate
that MutSp prefers to bind an IDL of at least 2 unpaired bases. Interconversion of paired and
unpaired bases suggestion that an unpaired base (a substrate of MutSa) may be converted to
a 2-base IDL and recognized by MutSp. Furthermore, one unpaired base in mononucleotide
repeats may be isomerized to a larger loop by creating a bulge at a distance on the opposite
strand (Supplementary Fig. 5).

The C-terminal dimerization domain (DMD)

The C-terminal end of MSH3 forms two a helices linked by a tight turn, and MSH2 has a
third short helix in addition (Fig. 4a—Db). They dimerize predominantly by hydrophobic
interactions and bury 1195A2 of surface area. The five-helix bundle is further strengthened
by salt bridges within each subunit and N and C capping of the MSH3 helices by MSH2.
Preceding the helical appendage is a Helix-turn-Helix (HtH) motif, which extends from one
subunit and embraces the ATPase domain of the other in all MutS homolog structures (Fig.
5a). In MSH3 the second helix of HtH and the first helix in the dimerization domain are
merged into one 55A long helix, resulting in a three-helix unit (Fig. 4c). Based on secondary
structure prediction, a similar three-helix unit also exists in MSH6. We therefore re-define
the dimerization domain (DMD) to include the preceding HtH. Each DMD is thus bivalent
and interacts with the ATPase domain and the DMD of another subunit. In MSH2 the two
halves of the DMD are linked by a disordered 15-aa loop and are juxtaposed rather than
opposite to each other (Fig. 4c). The two DMDs are thus structurally different and do not
follow the dyad axis that relates domains I—V of MSH2 and MSH3. The DMDs lean
towards MSH3 and predominantly shield the MSH2 ATPase site (Fig. 1a, 5b).

The structure of the last 34 residues of E. coli MutS, which were deleted to facilitate
crystallization of MutS—DNA complexes 17, was determined as a fusion to maltose-binding
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protein 38. It contains two a-helices and dimerizes by forming a four-helix bundle. These
last two helices of E. coli MutS can be roughly superimposed on those of MSH3, but its
dimerization partner is ~ 10A away from MSH2’s DMD (Supplementary Fig. 6). As in
MSH?2, the two halves of the E. coli MutS DMD are linked by a 20-aa flexible linker 38.
Without the second half of the DMD, E. coli MutS is predominantly dimeric, but with it
MutS becomes a tetramer or even an octamer (R. Ghirlando, S. Ramon-Maiques and W.
Yang, unpublished data). In contrast, Taq MutS, which is predicted to have a short linker (4
aa) in its DMD, is a stable dimer in solution 3. The short linker may prohibit the
crosslinking effect of the two halves of the DMD and restrict its interacting partners within a
single dimer.

In addition to stabilizing a MutS dimer, the DMD is the conduit for communication of
nucleotide (ADP or ATP) binding between the two subunits. Each ATPase site of MutS is
composite and consists of the N-1, N-3 and N-4 nucleotide-binding motifs from one subunit,
and the N-2 from the partner subunit 240 (Fig. 5a). Within each subunit, the N-terminal HtH
of the DMD contacts the nucleotide-binding site directly via its conserved SYG (Ser, Tyr or
Phe, Gly) motif 41 and also indirectly by interacting with the trans-acting N-2 region of the
other subunit (Fig. 4c—d, Supplementary Fig. 7). The MSH6 DMD alters its conformation
upon ADP binding, and the movement of the MSH6 DMD is coupled with the ATPase
domain of MSH2 18 (Supplementary Fig. 7c—d). Interestingly but not surprisingly, the
ATPase domain and DMD of MSH3, which is devoid of ADP, are superimposable with
ADP-free MSH6 (Fig. 5¢). ATP binding can alter the structure of the DMD in the same
subunit and possibly cause a sliding of the DMD relative to the N-2 of the other subunit
(Fig. 4d). Because movement of the DMDs of the two subunits is coupled (Fig. 5b), binding
of ATP by one subunit can thus alter the ATP-binding site of the other.

The communication of the two ATPase domains through the DMD is substantiated by the
G1142D mutation in yeast MSH6’s SYG motif, which not only reduces ATP binding by
MSHS but also inhibits ATP binding by MSH2 4°. The roles of the DMD in dimerization
and bridging of two ATP-binding sites also explain why a complete DMD is required for the
cellular functions of MutS in E. coli #2. Furthermore, mutations in the MSH2 DMD have
been found among HNPCC families, which highlights its importance in mismatch repair
(www.insight-group.org) (Supplementary Fig. 3).

An occluded MSH3 ATP-binding site

Both MutSpB and MutSa display asymmetric ATP binding and hydrolysis in the two
subunits. Msh3 and Msh6 appear to have higher ATPase activity than Msh2 without DNA,
but they have low affinity for ATP and greatly inhibited ATPase activity after binding to a
mismatched DNA 34.3543—45 stryctural studies of MutSa—DNA complexes confirmed
that MSHS has lower affinity for ADP than MSH2 but without revealing the reason 8. In all
four MutSR structures the ATPase site of MSH3 is devoid of nucleotide (Fig. 5a). Addition
of ADP or ATP in the crystal-soaking buffer reduces the X-ray diffraction quality of MutSf
— DNA complexes. When bound to a MutS homolog, the adenine of ADP is sandwiched
between a pair of conserved aromatic residues (in bold) in the YUP (Tyr or Phe, lle or Val,
Pro) and FLY (PheLeuTyr) motifs (Phe650 and Tyr815 of MSH2) (Fig. 3c). In MSH3 the
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non-conserved residues surrounding YUP and FLY change the peptide backbone
conformation and close the nucleotide-binding site.

In the absence of a nucleotide, the P-loops of all MutS homologs assume an a-helical
conformation by repositioning a Gly in the Walker A motif (GlyGlyLysSer, Gly891 in
hMSH3) and are closed for phosphate binding. In bacterial MutS (PDB: 1IEWQ and 1E3M)
and human MSH6 (208E), the YUP and FLY motifs stay put, leaving the adenine-binding
site open. In MSH3, Tyr868 of YUP occupies the adenine-binding site because of an
insertion of GluGInAspGIn before YUP and an altered peptide conformation (Fig. 5¢). The
hydroxyl group of Tyr868 contacts the carbonyl oxygen of Gly891 and further stabilizes the
nucleotide-free state. The importance of the YUP motif is emphasized by the high frequency
of HNPCC mutations in this region, including E647K in MSH2 that immediately precedes
the YUP46,

FLY in MSH3 adopts a mainchain conformation different from other MutS homologs, with
or without ADP (Fig. 5¢). This is due to the replacement of a small sidechain (Ala or Cys) in
bacterial MutS, eukaryotic Msh2 and Msh6 by a Phe conserved among Msh3 homologs
(Phe1023 in hMSH3, Supplementary Fig. 3). Phe1023 occupies the space normally occupied
by the Phe of the FLY motif (Phe1046 of hMSH3), causing FLY to alter its course and close
the ATP-binding site. Phe1023 also links the adenine stacking FLY (Tyr1048) and the SYG
motif (Tyrl059) in the DMD and thus stabilizes the asymmetric nucleotide binding by
MutSB. Interestingly, in the FLY motif Tyr is replaced by His in bacterial MutS, and Phe in
Msh3 and Mshé is replaced by a more flexible aliphatic sidechain in Msh2. These changes
may give rise to the unique ATP hydrolysis properties of each MutS homolog. The occluded
ATP-binding site of MSH3 provides the structural basis for its reduced ATPase activty,
which may underlie the absence of a burst phase of ATP hydrolysis when MutS or MutSa is
bound to a mismatch DNA 4247,

DISCUSSION

Structures of MutS, MutSa and MutSP complexed with mismatched DNA illustrate the
flexibility of a lesion site, which can have different bending angles with bases flipped into
either the major or minor groove. Parallel to the structural results, replacement of the MBD
in yeast MSH6 by the MBD of MSH3 leads to a chimeric MSH2—MSH6 or MSH2—
MSH3 dimer, which recognizes IDLs like MutSp but signals for mismatch repair like
MutSa 23, MutS proteins appear to mold a mismatched DNA into different shapes. We
suspect that in the normal mismatch repair process the exact conformation of DNA is not
critical for repair signaling. The main function of a lesion site is its readiness to bend and
deform 36 thus providing a foothold to the MBD of Msh3 or Mshé. Outside of mismatch
repair, the exposed IDL bases in complex with MutSp may play an important role for
recruiting nucleases 826 or facilitate unusual hairpin formation in trinucleotide repeats, thus
leading to abnormal expansions 28:29,

The asymmetry of ATP binding by the two subunits of MutSp mirrors their structural
differences and asymmetric DNA binding. Firstly, MSH3 clearly dominates DNA binding,
using both its MBD and clamp domains (Fig. 3c). The DNA is off center and biased toward
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MSH3. Similarly in the crystal structure of MutSa, MSH6 also dominates the DNA binding
of the short DNA used 18. Secondly, MSH2 and MSH3 are structurally different. In MSH3,
domains I and Il are extended towards a mismatched DNA and associated intimately with
domains 1, 1V and V (Fig. 2a—b). The tight domain association, which is conserved
among Msh3, Msh6 and the mismatch-binding subunit in bacterial MutS (Fig. 2c,
Supplementary Fig. 3), is coupled with the strong inhibition of ATPase activity of these
subunits upon binding to a mismatched DNA 43—45 Meanwhile the loose domain
association of MSH2 in MutSa and MutSB is linked to the moderate change of its ATPase
activity upon DNA binding.

Mutational studies of yeast MutSa. indicate that ATP binding by Msh2 is essential for
recruiting MutLa, while ATP binding by both subunits releases a bound DNA 40:43,
Combining the existing data, we propose the following model of mismatch-repair initiation
in humans (Fig. 6). In the absence of DNA, the four DNA binding domains of MutSa or
MutSp move around freely 16, When bound to a normal DNA, which is resistant to
deformation, domains VI close and form a clamp but domains | remain flexible. Both MutS
subunits can bind ATP resulting in the dissociation or sliding of the protein along DNA 48,
In the presence of a mismatch, the MBD of Msh3 or Msh6 lodges into the lesion site and
induces a conformational change in its ATPase domain and DMDs. Consequently,
nucleotide is occluded from Msh3 or Msh6, and ATP-binding by Msh2 is promoted. With
Msh3 or Msh6é bound to a mismatch and Msh2 to ATP, either MutSa or MutSp can recruit
MutLa and activate mismatch repair. This model provides a detailed molecular picture that
can help guide future experimentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overall structures of MutSp—DNA complexes. (a) Orthogonal views of Loop3 structure in

ribbon diagrams, with MSH2 in green and MSH3 in blue. The DNA is shown in space-
filling model with backbone in red, bases in light pink, and the unpaired nucleotides in
yellow and orange. ADP bound to MSH2 is shown in purple sticks. (b) Side views of DNA-
binding domains and DNA in Loop2, Loop4 and Loop6 structures. Each unpaired CA
dinucleotide repeat is shown in yellow and orange. Domain | of MSH3 is the MBD. MSH2
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and MSH3 subunits are indicated by 2 and 3 in parenthesis. Domains I—V and dimerization
domains (DMD) are indicated.
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Figure 2.
Comparison of MutSa and MutSp proteins. (a) Ribbon diagram of MSH2 from MutSp.

Domains I, 11, 111, 1V, V and the DMDs are shown in blue, green, yellow, orange, pink and
red, respectively. MSH2 of MutSa is superimposed and shown in grey. Domain interfaces
between I and Il and between I, 111 and V are highlighted in magenta. (b) Ribbon diagram
of MSH3 in the same orientation and same color codes. Domain | (MBD) and 1V (clamp)
interact as indicated by the dashed oval. (c) Superposition of the mismatch-binding subunits
in MutSa, MutSB, E. coli and Tag MutS in the same orientation as in (a) and (b). Except for
domain 1V, they superimpose remarkably well. (d) A ribbon diagram of the interface
between domains | in MutSp. Protein residues in all figures are labeled in one-letter code for
clarity. (e) On the left is a ribbon diagram of MSH3 MBD decorated by residues conserved
among MutS homologs (shown as yellow/blue/red stick-and-balls) and residues unique
among MSH3 homologs (pink/blue/red stick-and-balls). On the right is the superposition of
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MSHS3 (blue) and MSH6 (grey) MBDs. The rmsd between them is 0.7A over 87 pairs of Ca
atoms.
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a b

Taq MutS

Figure 3.
IDL recognition by MutSp. (a) A close-up comparison of MSH3—IDL interaction and Taq

MutS with a single unpaired base (AT). (b) DNA-binding domains and DNA in Loop4.
Domains | and IV of MSH2 are shown in green and yellow, and MBD and clamp domains
of MSH3 in blue and orange. (c) Diagram of the protein-DNA interactions using the same
color scheme as in (b). (d) Space-filling model of four IDLs and their interaction with
domain | of MSH2 (green) and MBD of MSH3 (blue). The base pairs surrounding the IDL
are shown in light (upstream) and dark (downstream) pink. For Loop2 and Loop4, a back
view looking into the minor groove is also shown.
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Figure4.
Dimerization domains (DMD) of MutSp. (a, b) Orthogonal views of the C-terminal halves

of DMDs. The hydrophobic side chains at the interface, and polar residues forming salt
bridges that stabilize intra-subunit interactions, are shown as sticks with carbon in light grey,
nitrogen in blue and oxygen in red. E901 and K912 of MSH2 form N- and C-caps of the
MSH3 helices. (¢) The ATPase domain (light green) and DMD (green) of MSH2 are shown
with the trans-acting N-2 (red and cyan) and DMD (blue) of MSH3. The ADP bound to
MSH2 is shown as purple sticks. The two shaded ovals indicate the zoom-in areas shown in
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(a, b) and (d). (d) A close-up view of the interactions between MSH3 DMD(N) and the
ATPase domain of MSH2. Interactions between hydrophobic residues dominate, and two
pairs of salt bridges (red dashes) may have alternative interacting partners (black dashes) if
the two subunits slide relative to each other.
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Figure5.
Asymmetric ATPase sites of MutSp. (a) Ribbon diagram of the ATPase and dimerization

domains. MSH2 is shown in light and dark green, and MSH3 in light and dark blue. The
trans-acting N-2 regions of MSH2 and MSH3 are highlighted in red. The aromatic
sidechains connecting the ATPase site to the DMD are shown as blue (MSH3) and green
sticks (MSH2). (b) A view 180° from (a) showing the asymmetric DMDs, biased towards
the MSH2 ATPase site. (¢) Comparison of the connection between the ATP binding site and
DMD in MSH3 (blue), MSH6 with ADP (pink) and without (yellow) after superposition.
The critical aromatic sidechains are shown as sticks.
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Figure6.
Mechanism of mismatch recognition. Msh2 is drawn in green and Msh3 and Msh6 in blue.

The ATPase activities of the two subunits are indicated by the curved arrows, the thicker the
arrow the higher the activity. The DNA-binding domains are flexible in the apo-form.
Binding to normal DNA, which is resistant to bending, induces conformational changes in
the DNA-binding domains and ATP hydrolysis. But the protein-DNA association is not
stable and MutS(a or B) can dissociate from or slide along DNA. Binding to a mismatched
DNA, which is readily bent, leads to stable association of Msh3 or Msh6 with DNA and
inhibition of its ATPase activity. ATP binding by Msh3 or Msh6, however, leads to release
of the mismatched DNA. When Msh2 is bound to ATP and Msh3 or Msh6 to the
mismatched DNA, MutS(a or ) can recruit MutLa to form a repairsome, thus initiating the
repair process.
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Table 1
Data collection and refinement statistics
L oop2 Loop3 L oop4 L oop6
Data collection 23-1D In-house 22-BM 23-1D
Space group P1 P1 P212,2; P2,2,24
Cell dimensions
a, b, c(A) 66.3,91.1, 95.6 67.1,91.5,95.6 105.8, 116.1, 180.0 103.7, 154.6, 161.6
a, B, v (°) 67.8,87.0,73.4 67.9, 86.5, 72.9 90, 90, 90 90, 90, 90
Resolution (A) 1 50.0-2.9 (2.95-2.90) 30.0-2.7 (2.75-2.70)  32.0-3.09 (3.14-3.09)  50.0-4.3 (4.37-4.30)
Rerge 1 4.6 (24.8) 47(332) 10.0 (55.4) 10.2 (68.7)
/ol 1 15.1 (2.3) 14.8 (1.4) 5.0 (1.1) 12.2 (1.8)
Completeness (%) 1 94.4 (64.5) 91.8 (43.3) 99.0 (98.5) 96.0 (92.8)
Redundancy 1 19 (L5) 1.9 (L5) 2.4(2.4) 4.0 (4.0)
Refinement
Resolution (A) 44.0-2.9 27.0-2.7 32.0-3.09 49.1-4.3
No. reflections 2 39845 (1125) 49511 (1315) 38509 (1919) 16879 (999)
Ruork Reree 19.4,27.4 21.0,27.3 22.9,28.7 23.9,285
No. atoms
Protein, DNA 13730, 916 13270, 999 13777, 1115 13737, 980
Ligand 27 27 27 27
Water 15 20 4 0
B-factors
Protein, DNA 84.2,138.7 66.3,114.8 66.8, 136.6 275.2,408.0
Ligand 89.6 78.0 86.1 268.35
Water 55.2 39.3 23.6 -
R.m.s deviations
Bond lengths (A) 0.003 0.003 0.003 0.013
Bond angles (°) 0.68 0.67 0.563 0.994

1 . . . . . .
Data in the highest resolution shell is shown in parenthesis.

2 . . Lo . .
Reflection number used in Rfrge calculation is shown in parenthesis.
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