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ABSTRACT: The eukaryotic mismatch repair (MMR) protein MSH6 exhibits a core region structurally and
functionally similar to bacterial MutS. However, it possesses an additional N-terminal region (NTR),
comprising a PCNA binding motif, a large region of unknown function and a nonspecific DNA binding
fragment. Yeast NTR was recently described as an extended tether between PCNA and the core of MSH6
(1). In contrast, we show that human NTR presents a globular PWWP domain in the region of unknown
function. We demonstrate that this PWWP domain binds double-stranded DNA, without any preference
for mismatches or nicks, whereas its apparent affinity for single-stranded DNA is about 20 times lower.
The S144I mutation, which in human MSH6 causes inherited somatic defects in MMR resulting in increased
development of hereditary non polyposis colorectal cancer (2), is located in the DNA binding surface of
the PWWP domain. However, it only moderately affects domain stability, and it does not perturb DNA
binding in Vitro.

Correction of DNA errors is an essential mechanism in
maintaining genome stability. Mismatch repair (MMR1)
contributes to the integrity of genetic material by correcting
mismatches and small insertion and deletion loops occurring
during replication (3). In the absence of MMR, these DNA
errors remain uncorrected, which result in a mutator phe-
notype that is most often accompanied by microsatellite
instability and, possibly, in cancer (4).

Molecular mechanisms underlying MMR are best de-
scribed in Escherichia coli, where both the early steps in
mispair detection and later steps in discrimination among
the newly synthesized and template DNAs, strand nicking,

and resynthesis are understood (5). However, the importance
of MMR malfunction for human disease can only be
appreciated by studying mammalian systems. It was shown
that the bacterial MutS homodimer that recognizes and binds
mismatches is conserved in eukaryotes in the form of two
heterodimeric MutS homologue complexes with overlapping
substrate specificity. The MSH2/MSH6 complex (MutSR)
participates in the early recognition of mismatches and small
insertion/deletion loops, while large insertion/deletion loops
are mainly recognized by MSH2/MSH3 (MutS�). MutSR
binds directly to the mismatch and recruits the MLH1/PMS2
complex (MutLR). It is then postulated that MutSR, probably
associated to MutLR, translocates along the DNA, until it
finds a strand discontinuity, either nicked DNA or gapped
DNA in the nascent DNA (6). Degradation of the error-
containing strand by exonuclease ExoI involves several
proteins (PCNA, RFC, and RPA) and follows a different
pathway depending on the 5′ or 3′ location of nicked or
gapped DNA relative to the mismatch (7–10). The resulting
single-stranded DNA is then probably coated by RPA, DNA
polymerase δ fills the gap, and DNA ligase I seals the
remaining nick, thereby completing the repair process.
Finally, eukaryotic MMR proteins are not only involved in
this complex, not well-understood process but also implicated
in other DNA-metabolic pathways, ranging from DNA-
damage signaling to recombinogenic and mutagenic pro-
cesses that are specific to multicellular organisms (4).

When aligned with E. coli MutS, the sequences of
eukaryotic MSH6 proteins are characterized by an additional
N-terminal region (NTR), comprising a PCNA interacting
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motif, a large region of unknown function and a nonspecific
DNA binding sequence (Figure 1A (11)). Recently, Shell
and co-workers (1) demonstrated that yeast NTR is an
unstructured tether to PCNA. However, sequence analysis
shows that the region located between the PCNA-interacting
motif and the nonspecific DNA-binding region cannot be
aligned between yeast and metazoan MSH6 proteins. Pre-
liminary experiments also suggest that human MSH6 NTR
is essential for MSH6 chromatin targeting (12, 13).

In this study, we have investigated the 3D structure and
DNA binding properties of the large region of unknown
function found in human MSH6 NTR. This region exhibits
a PWWP domain with unique structural features between
residues 89 and 194. It contains S144, whose mutation into
isoleucine causes a cancer predisposition syndrome called
HNPCC (hereditary nonpolyposis colorectal cancer) (2). It
also contains R128, which is mutated into leucine in a patient
suffering from endometrial cancer (14). We report the
localization of these mutations in the PWWP 3D structure
and relative to the PWWP DNA binding surface.

EXPERIMENTAL PROCEDURES

Expression and Purification of the Regions (68–201) and
(68–240) of Human MSH6. Human MSH6 fragments (68–201)
and (68–240) (wild type and Cys f Ser mutated) cDNAs
were cloned into a pET M30 plasmid (EMBL, Protein
Expression Facility). Thus, the resulting protein fragments
were expressed as fusion proteins, with an N-terminal
(6xHis)-tagged GST protein followed by a TEV protease
cleavage site. The pET M30 plasmids were used to transform
BL21(DE3) competent cells (Invitrogen). Cells were induced
at an OD of 0.8 with 1 mM IPTG during 4 h at 30 °C in LB
or minimal Medium supplemented with 15NH4Cl and 13C-
Glucose. Cell disruption was performed using an Eaton press.
After centrifugation, disrupted cell supernatant was recovered
and treated with benzonase endonuclease (Sigma-Aldrich)

for 30 min at room temperature, then subjected to Glutathion
Sepharose chromatography (GS4B, Amersham) and the
GST-PWWP fusion was eluted with 20 mM GSH. The fusion
protein was cleaved by TEV protease (overnight at 4 degrees)
and the mixture injected on a Ni-NTA Column (Qiagen),
which retains GST and uncleaved fusion proteins. MSH6
fragments were further purified on a SPsepharose Fast-Flow
to reach purity greater than 98%, as observed on Coomassie
blue stained SDS-PAGE.

The S144I and Cysf Ser mutations were introduced using
the Quickchange site-directed mutagenesis kit (Stratagene)
following the Quickchange standard protocol. The presence
of the desired mutation(s) was checked by DNA sequencing
using an ABI prism sequencer (Applied Biosystems). Ex-
pression and purification of the mutant proteins was per-
formed in the same conditions as those for the wild type
proteins.

NMR Experiments. NMR samples were prepared in Na-
Phosphate buffer (50 mM) at pH 6.9, 225 mM NaCl, and
10% D2O, with a protease inhibitor cocktail (SIGMA) and
1 mM 3-(trimethylsilyl)[2,2,3,3-2H4] propionate (TSP).
Backbone and side-chain assignment experiments were
performed at 27 °C on Bruker DRX-500 and DRX-600
spectrometers equipped with a triple resonance cryoprobe.
NOESY experiments were recorded on the 800 MHz Varian
spectrometer at IBS in Grenoble (15N-HSQC NOESY, 13C-
HSQC-NOESY aliphatic and aromatic). Hydrogen bond
restraints were derived from slowly exchanging amide
protons, identified by dissolving the protein in D2O and by
recording successive 1H,15N HSQC experiments. Processing
was performed with NMRPipe (15) and analysis with Felix
(Accelrys) using macros provided by J. Craven (Sheffield
University, U.K.).

NMR Resonance Frequency Assignment. Backbone reso-
nance assignment was performed using standard triple
resonance NMR experiments (16), and the vast majority of

FIGURE 1: Domain arrangment of hMSH6 and alignment of eukaryotic hMSH6 PWWP domains. (A) hMSH2, hMSH3, and hMSH6 mismatch
repair proteins are all highly similar to the bacterial MutS protein (in red). In hMSH3 and hMSH6, the MutS domain is extended by several
hundred aminoacids in the N-terminus, but only hMSH6 possesses an additional domain predicted to be a PWWP domain (blue). The
PCNA interaction box (4–11 PIP) is also represented. The hMSH6 region, similar to the yMSH6 N-terminal region and responsible for
unspecific DNA binding, is also indicated (11). (B) Sequence alignment of N-terminal PWWP domains of MSH6 from metazoa with the
hMSH6 construct used in this study (68–201). The lethal S144I and R128L mutation positions are indicated by asterisks. The secondary
structure content of the hMSH6 PWWP domain is shown as lines (helices) and arrows (strands).
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the backbone resonances could be assigned. Five residues
from the unstructured N-terminal part of the domain were
not assigned because of overlaps in the central part of the
1H-15N HSQC spectrum (K68, N71, L72, N73, and R78).
Several residues from region (113–128) had missing amide
proton assignments, and their side-chain resonances were
only partially assigned through the determination of NOE
connectivities (H113, T118, F119, I120, E122, S126, V127,
and R128). Residues 123 to 125 remained completely
unassigned. Region (113–128) is probably involved in a
conformational exchange process, and/or its amide protons
are rapidly exchanging with water. Y151 aromatic ring
resonances could not be assigned, whereas its side chain is
buried in the calculated structures and lies at close proximity
to the T152 and G153 backbone. The G153 amide proton
remained unassigned too, probably as a result of exchange
broadening due to motions of the Y151 ring.

Solution Structure Determination. The solution structure
of the human MSH6 region (68–201) was solved on the basis
of 2589 interproton distances deduced from 3800 NOE cross-
peaks. A semiautomated iterative assignment procedure was
applied for the NOE assignment and construction of the 3D
structures (17). A force field adapted to NMR structure
calculation (file parallhdg.pro in CNS 1.0 (18)) was used.
174 torsion angle (Φ and Ψ) values were deduced from the
backbone 1H, 15N, and 13C chemical shifts using the program
TALOS (19). Twenty-four hydrogen bonds were imposed
at a later stage of the structure calculation process. At the
last iteration of the procedure, 1000 structures were calcu-
lated; the 40 best energy structures were retained and refined
with a standard energy function (CHARMM22), including
an electrostatic energy term. This term is calculated with no
net charge on the side-chain atoms and with a distance-gated
dielectric constant. The 20 structures of lowest overall energy
were retained after the refinement process. Structural statistics
(Table 1) were calculated using in-house scripts and Procheck-
NMR (20) and the structure deposited in the RCSB database
(PDB: 2GFU). All figures were created with the Pymol
software (Delano Scientific, LLC).

DNA Preparation. The 146 bp DNA fragment was
generated by polymerase chain reaction with a thermostable
DNA polymerase (Promega) using a PTC-100 PCR System
(MJ Research, Inc.). The 146 bp DNA fragment, obtained
from the BamHI and DraI double digest of the plasmid pUC
(357.4) (21), was used as the template and the oligonucle-
otides 5′-GATCCTCTAGAGTCCGGCTAC-3′ and 5′-
AAAGGGTCAGGGATGTTATGACG-3′ as sense and an-
tisense primers. The four double-stranded DNA fragments
35 base pairs long were obtained by annealing oligonucle-
otides (see Table 2 below) purchased from MWG. The 35
bp fragment was obtained by annealing oligonucleotides 1
and 2, the 35 bp fragment containing a G/T mismatch by
annealing oligonucleotides 1 and 3, the 35 bp fragment
containing a nick by annealing oligonucleotides 1, 4, and 5,
and the 35 bp fragment containing a gap by annealing
oligonucleotides 1 and 4. The single-stranded DNA of 35
nucleotides was oligonucleotide 1. Annealing was performed
in 10 mM Tris HCl at pH 8.0, 1 mM EDTA (ethylene
diamine tetraacetic acid), and 200 mM NaCl by heating at
80 °C for 5 min followed by slow cooling. Correct annealing
was controlled on 8% native polyacrylamide gels. 5′-End
labeling with 32P-ATP and T4 polynucleotide kinase was

performed at 25 °C for oligonucleotides and at 37 °C for
the 146 bp fragment according to standard protocols (22).

EMSA (Electro Mobility Shift Assay) Experiments. Proteins
in 50 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 1 mM 4-(2-
aminoethyl) benzenesulfonyl fluoride, 1 mM TCEP, 50 mM
NaCl, and 0.1% triton X-100 were incubated with the
radioactive DNA fragments for 30 min at 22 °C. Each exper-
iment contained 0.5 pmol of DNA (26 nM). Protein-DNA
complexes were analyzed on 5.5% polyacrylamide gels (5%
for 146 bp DNA interaction) at an acrylamide to bis-
acrylamide ratio of 29/1 (w/w), in 0.5× TGE [12.5 mM Tris-
HCl (pH8.4), 95 mM glycine, and 0.5 mM EDTA]. After
30 min of pre-electrophoresis, samples were loaded onto the
gels and resolved by electrophoresis at 70 V for 30 min to
1 h, depending on the size of the DNA. DNA retardation
was detected by autoradiography of dried polyacrylamide
gels at -80 °C using Biomax MR films (Kodak) and an
intensifying screen. For affinity measurements, dried poly-
acrylamide gels were exposed to a phosphor screen, and
measurements of the radioactive signals were performed with
a STORM 860 scanner (Amersham) using image Quant
software (Molecular Dynamics, Inc.).

NMR Protein-DNA Titration. The 35 bp DNA fragment
used for NMR titration was prepared as described above,

Table 1: Structural Statistics for the HsMSH6 [68–201, Cys f Ser]
PWWP domain (89–194)

number of violations
NOE distance restraints >0.5 Å 0
dihedral restraints >10° 0

experimental restraints

distance restraints
total 2589 (rmsd 0.0247 +/-0.0003)
unambiguous 2196
ambiguous 393
hydrogen bonds 24

dihedral restraints (phi/psi) 174 (rmsd 0.87 +/- 0.08)

rms deviation from idealized
covalent geometry

bonds (Å) 0.0165 +/-0.0003
angles (deg) 3.23 +/-0.05
impropers (deg) 2.3 +/-0.2

energy (kcal/mol)a

van der Waals 15 +/-20
electrostatic -406 +/-25

Ramachandran plot (%)

most favored regions 83.2
additionally allowed regions 14.2
generously allowed regions 2.3
disallowed regions 0.3

coordinate precisionb (Å)

backbone atoms 1.05 +/-0.13
heavy atoms 1.6 +/-0.14

a The van der Waals energy is calculated with a Lennard-Jones
potential. The electrostatic energy is calculated with no net charge on
side-chain atoms and a distance-gated dielectric constant. CHARMM22
parameters are used. b Precision compared to the best energy structure.

Table 2: Oligonucleotides Used To Prepare 35 nt DNAs for Gel Shift
Assays

Oligo 1 5′-gggGCATGCCTGCAGGTCGACTCTAGAGgatcccc-3′
Oligo 2 3′-cccCGTACGGACGTCCAGCTGAGATCTCctagggg-5′
Oligo 3 3′-cccCGTACGGACGTCCAGtTGAGATCTCctagggg-5′
Oligo 4 3′-cccCGTACGGACGTCCAGCT-5′
Oligo 5 3′-GAGATCTCctagggg-5′

Human MSH6 Contains a PWWP Domain Biochemistry, Vol. 47, No. 23, 2008 6201



exchanged with standard NMR buffer and concentrated with
a vivaspin concentrating device (final concn, 900 µM). DNA
was slowly added to the MSH6 fragment (68–201) mutated
on its cysteine residues at 160 µM concentration. Dilution
of the protein sample did not exceed 30% at the end of
titration. Chemical shift variations were calculated as δ )
((δ1H)2 + (δ15N/10)2)1/2. The chemical shift variations
considered as significant upon DNA interaction were at least
equal to the mean value plus one standard deviation of all
chemical shift variations.

CD and 1D NMR of Mutant Domains. Circular dichroism
experiments were performed with a Jobin Yvon CD6
spectrometer in a 1 cm path length cell. Protein concentration
was 10 µM in 50 mM NaH2PO4 at pH6.9, 11 mM NaCl,
and 0.4 mM TCEP (tris-(2-carboxyethyl)-phosphine). Com-
parison of 1D 1H NMR spectra of native, Cys f Ser, and
S144I mutants was performed in the standard NMR buffer
(see above) at 75 µM concentration and 20 or 27 °C.

RESULTS

Delimitation of a Globular Domain in the NTR of
Metazoan MSH6. Two different fragments of human MSH6
NTR, from residue 68 to either residue 201 or 240, were
successfully expressed and purified. A shorter construct
(residues 68 to 163) proved to be largely unfolded. All these
fragments are found between the PCNA binding site and the
nonspecific DNA binding region (Figure 1A; (11)). They are
rich in hydrophobic amino acids and are highly conserved
from fish to humans (Figure 1B). An 1H,15N HSQC spectrum
was recorded on the fragment 68–201, and a TROSY-based
1H,15N HSQC spectrum was obtained on the fragment
68–240 (data not shown). These spectra showed a similar
localization of the well-dispersed peaks, consistent with the
presence of a folded core. However, NMR signals corre-
sponding to the region 202–240 cluster at positions com-
monly assigned to unstructured residues. The domain (68–201),
further named HsMSH6 [68–201], was thus chosen for
solution structure determination but was subject to rapid
aggregation. Aggregation could be substantially slowed down
by optimizing the buffer conditions (23) and by adding the
strong reducing agent TCEP. However, in order to avoid
cysteine oxidation, a mutant HsMSH6 [68–201, Cysf Ser]
was produced, in which the three cysteines were changed
into serines. 1H,15N HSQC spectra of native and mutated
HsMSH6 [68–201] fragments are highly similar, suggesting
that these two fragments adopt the same 3D structure
(Supporting Information, Figure 1). Further study of the
MSH6 region 68–201 was carried out on the mutant
HsMSH6 [68–201, Cys f Ser].

Description of the 3D Structure of HsMSH6 [68–201, Cys
f Ser]. The HsMSH6 [68–201, Cys f Ser] fragment
was analyzed by 1H, 15N, and 13C NMR. Resonance frequen-
cies were assigned using conventional heteronuclear methods
(16). Analysis of heteronuclear 1Hf 15N NOE experiments
showed that HsMSH6 [68–201, Cys f Ser] is structured
between residues 89 and 194 (data not shown). Calculation
of the 3D structure of this fragment was carried out using
the software INCA (17), on the basis of 2589 interproton
distances, 174 Φ,Ψ angle values, and 24 hydrogen bonds.
Structural statistics of the 20 energetically best structures
are shown in Table 1. The HsMSH6 [68–201, Cys f Ser]

fragment is composed of a central five-stranded �-barrel
domain �1-�5 (�1, 95–98; �2, 106–110; �3, 126–133; �4,
139–144; �5, 148–150) (Figure 2). An additional strand �2′
(120–123) forms a sheet with the strand �3 of the �-barrel.
Helix 310 R1 (145–147) allows a sharp turn between �4 and
�5. Helix 310 R2 (157–159) is located in a mostly extended
linker (152–169) connecting the central �-barrel to R-helices
R3 (170–185) and R4 (187–193) (Figure 2). These helices
are packed onto the �-barrel region through hydrophobic
interactions with the �-sheet �1�2.

The 3D structure of fragment (89–194) was submitted to
the DALI server (24). As predicted by domain recognition
softwares, this structure resembles known 3D structures of
PWWP domains (Figure 3). In particular, structures refer-
enced in the Protein Data Base as 1N27 (from M. musculus
HDGF), 1H3Z (from S. pombe protein SPBC215.07c),
2DAQ (from H. sapiens protein WhscIII), and 1KHC (from
M. musculus Dnmt3b) are structurally aligned by DALI on
more than 82 amino acids of HsMSH6 [68–201, Cysf Ser],
with a Z-score higher than 6 and a backbone root-mean-
square deviation (rmsd) lower than 3.9 Å. PWWP domains
all share a 5-stranded �-barrel and a large R-helix (here R3)
of variable length packed onto the �-barrel. HsMSH6
[68–201, Cys f Ser] also presents three unique structural
regions: strand �2′, which forms a �-sheet with �3 of the
�-barrel, the large linker (152–169), and helix R4.

Human MSH6 PWWP Domain Binds DNA. As several
PWWP domains have been reported to bind DNA (25, 26),
we have tested the interaction of human MSH6 PWWP
domain with DNA by EMSA (electro mobility shift assay)
and NMR. First, the in Vitro interaction of wild type or
mutant HsMSH6 [68–201] domain with a 146 bp DNA
fragment was followed by electrophoresis in a 5% polyacryl-
amide gel. DNA forms several complexes with HsMSH6
[68–201, Cysf Ser], as demonstrated by delayed migration
relative to free DNA (Figure 4). Saturation of a 146 bp DNA
by HsMSH6 [68–201, Cysf Ser] was complete using 4 M
excess of protein, and an apparent Kd of 5.6 ( 2.4 nM was
deduced. Similar results were obtained with the PWWP wild
type domain, even if some aggregation was observed at high
protein concentrations (data not shown).

In order to define the structural determinants of the
PWWP-DNA interaction, we designed five short DNA
fragments of 35 nucleotides containing DNA structures
encountered during mismatch repair: double-stranded, nicked,

FIGURE 2: Solution NMR structure of HsMSH6 [68–201, Cys f
Ser] PWWP domain. (A) Backbone superimposition of the 20
lowest-energy refined structures (red, helices; yellow, � sheets).
Only the folded region (89–194) is shown for clarity. (B) Ribbon
representation of the best energy structure.
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containing a G/T mismatch, 5′ recessed, and single-stranded
DNAs. We first tested the interaction of the PWWP domain
with double-stranded (ds) and single-stranded (ss) DNA
fragments. Figure 5A, left panel shows that incubation of
HsMSH6 [68–201, Cys f Ser] with the ds DNA fragment
generates two types of complexes, C1 and C2. The slower
migrating complex C2 is progressively enriched with in-
creased protein concentrations. The estimated apparent Kd

value for these complexes is 134 ( 5 nM. By contrast with
the ds DNA, the ss DNA forms only one complex with the
PWWP mutant with a reduced affinity (Kd ) 2.5 ( 0.4 µM)
(Figure 5A, right panel).

Interaction of HsMSH6 [68–201, Cys f Ser] with G/T
mismatched, nicked, and 5′ recessed DNA yields two
complexes C1 and C2, as observed for homoduplex ds DNA.
Furthermore, human MSH6 PWWP mutant possesses a
similar apparent affinity toward ds, ds G/T, or ds nicked DNA
(Figure 5B). A reduced affinity is observed for 5′ recessed
35 bp DNA that contains 15 unpaired nucleotides (Kd ) 260
( 60 nM; Figure 5B right panel). This probably reflects the

weaker binding of the domain to ss versus ds DNA. Thus,
HsMSH6 [68–201, Cys f Ser] preferentially binds to
homoduplex DNA with or without a G/T mismatch or a nick.

In order to identify the residues of the PWWP domain
involved in DNA binding, the 35 bp ds DNA used in the
previous biochemical experiment was progressively added
to an NMR sample of 15N-labeled HsMSH6 [68–201, Cys
f Ser], and the NMR 1H,15N-HSQC fingerprinting of the
protein fragment was followed throughout the titration
(Figure 6A-C). Upon the addition of DNA, several protein
HN resonances experienced significant chemical shift varia-
tions suggesting a rapid exchange regime. Chemical shift
changes higher than 0.011 ppm (i.e., mean variation plus
one standard deviation) all correspond to residues localized
on one face of the protein (Figure 6B and C). These residues
are found on a line centered on loop �1�2 and the PWWP
motif (W97, A98, M100, E101, G102, W105 (Hε), and
W106 (Hε)), and going from �2′ (R121), the loop �2�2′
(F115 and D116), and �3-strand (G141, W142(Hε), and
S144) to the �5-R3 loop (Q160, G162, and Y166) (Figure
6A and B).

Calculation of the electrostatic potential at the surface of
the PWWP domain shows a large positive surface (Figure
6D) formed by several basic conserved residues K99 (�1),
R121 (�2′), K123 (�2′), K125 (turn �2′-�3), R128 (�3),
R140 (�4), and R146 (�3). The interaction surface found in
the NMR titration experiment overlaps this very basic
surface. Nevertheless, as the amide proton frequencies of
residues 122–128 are not assigned, the role of these residues
in DNA binding could not be assessed.

EValuation of the Impact of the Cancer-Related S144I
Mutation of Human MSH6 PWWP Domain. In order to
understand the consequences of the S144I pathological
mutation for the function of the PWWP domain, the mutation
was introduced in HsMSH6 [68–201], as well as in HsMSH6
[68–201, Cys f Ser]. The PWWP S144I mutants were
successfully expressed and purified, and their stability was
investigated by temperature-dependent unfolding using cir-
cular dichroism. These experiments demonstrated a 7 °C
decrease in melting temperature for S144I mutants compared
to HsMSH6 [68–201] or HsMSH6 [68–201, Cysf Ser] (47

FIGURE 3: Superimposition of HsMSH6 [68–201, Cys f Ser] PWWP domain (89–194) with the two closest PWWP structures (DALI).
Structures have been superimposed on the common PWWP motif (�-barrel + long R-helix) with hMSH6 in yellow and the compared
structure in green. Additional elements to the canonical PWWP fold are represented in red for hMSH6 and blue for the compared structures.
(A) Superimposition with M. musculus HDGF (8–96) (PDB 1N27). rmsd ) 1.89Å on 67 CR (�-barrel + long R-helix). (B) Superimposition
with S. pombe protein SPBC215.07c (123–225) (PDN 1H3Z). rmsd ) 2.04Å on 64 CR (�-barrel + long R-helix).

FIGURE 4: PWWP domain binds DNA. The 146 bp DNA fragment
at a concentration of 26 nM was incubated in the presence of
increasing concentrations of HsMSH6 [68–201, Cysf Ser] PWWP
domain: 26 nM (lane 2), 52 nM (lane 3), 104 nM (lane 4), and 208
nM (lane 5). Peptide-DNA complexes with decreasing mobilities
were observed. Lane 1 indicates the mobility of free DNA. The
dissociation constant Kd was calculated using the equation Kd )
([D] - [DP])([P] - [DP])/[DP], where [D] is the total DNA
concentration, [P] the total peptide concentration, and [DP] the
peptide-DNA complex concentration. The mean value obtained
from three independent experiments is indicated with the standard
deviation.
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vs 55 °C, Figure 7A). Nevertheless, all the native and
mutated domains exhibit similar folds at 27 °C, as shown
by CD and 1D 1H NMR (Figure 7B).

Then, DNA binding of HsMSH6 [68–201, Cys f Ser,
S144I] was analyzed by EMSA (Figure 7C). Interaction
of this mutant domain with the 146 bp DNA is comparable
to the interaction observed for HsMSH6 [68–201, Cys f
Ser]: the apparent Kd for DNA yields 6.6 nM ( 0.6 in the
case of the mutant versus 5.6 nM ( 2.4 in the case of the
wild type domain. Similar results were obtained when
observing the interaction of HsMSH6 [68–201, Cys f Ser,
S144I] with the shorter double-stranded 35 bp DNA fragment
(data not shown). Thus, the S144I mutation has an impact
on protein stability but does not affect protein structure and
DNA binding.

DISCUSSION

PWWP as DNA Binding Domains. PWWP domains are
abundant in eukaryotic multidomain proteins involved in cell
division, growth, and differentiation (27). PWWP domain
proteins for which data are available appear to be nuclear,

often DNA-binding proteins that function as transcription
factors regulating developmental processes (27). However,
direct in Vitro PWWP-DNA interaction was reported only
in the case of Dnmt3b (26), HDGF (25), and LEDGF (28).

We have solved the 3D structure of the PWWP domain
(89–194) of human MSH6 protein. This structure exhibits a

FIGURE 5: PWWP domain binds preferentially to double stranded
DNA. (A) Interaction of the HsMSH6 [68–201, Cysf Ser] PWWP
domain with double or single stranded DNAs. In the left panel (lanes
1 to 5), the 35 bp DNA fragment (ds) at a concentration of 26 nM
was incubated in the presence of increasing concentrations of
PWWP Cys-Ser mutant: 26 nM (lane 2), 78 nM (lane 3), 234 nM
(lane 4), and 780 nM (lane 5). Two peptide-DNA complexes, C1
and C2, were observed. Lane 1 indicates the mobility of the free
DNA. In the right panel (lanes 6-10), the single stranded DNA
fragment (ss) at a concentration of 26 nM was incubated in the
presence of increasing concentrations of PWWP Cys-Ser mutant:
260 nM (lane 7), 780 nM (lane 8), 2.34 µM (lane 9), and 7.8 µM
(lane 10). Only one peptide-DNA complex (C) was formed with
the single stranded DNA. Lane 6 indicates the mobility of free
DNA. The dissociation constants Kd were calculated as mentioned
in the legend for Figure 4. The mean values were obtained from
three independent experiments. (B) Interaction of HsMSH6 [68–201,
Cysf Ser] PWWP domain with DNA fragments containing other
structural elements. The 35 bp DNA fragments containing a G/T
mismatch (ds G/T, lanes 1-5), a nick (ds Nicked, lanes 6-10), or
a 5′ recessed gap (Gapped, lanes 11-15) at a concentration of 26
nM were incubated with increasing concentrations of PWWP Cys-
Ser mutant: 26 nM (lanes 2, 7, and 12), 78 nM (lanes 3, 8, and
13), 234 nM (lanes 4, 9, and 14), and 780 nM (lanes 5, 10, and
15). Formation of the peptide-DNA complexes C1 and C2 was
observed with the three DNA fragments. Lanes 1, 6, and 11 indicate
the mobility of free DNA.

FIGURE 6: Interaction of HsMSH6 [68–201, Cys f Ser] PWWP
domain with 35 bp ds DNA monitored by NMR. DNA (35 bp ds)
was progressively added to the PWWP domain, and 15N-HSQC
were recorded. (A) Weighted amide proton chemical shifts at 1:1
protein/DNA molar ratio. (B) Visualization of DNA interaction on
hMSH6 PWWP surface (89–194). Residues with HN (orange), or
Trp Hε protons (red) experiencing chemical shift variations greater
than 0.011 are colored and form a line on the PWWP domain. (C)
180° view of (B) showing that only one face of the PWWP domain
is affected by DNA binding. (D) Electrostatic surface (calculated
with APBS (42)) of hMSH6 PWWP domain (89–194)) in the same
orientation as that in (B).

FIGURE 7: Analysis of native and Cys-Ser mutant hMSH6 PWWP
domains with or without the S144I lethal mutation. (A) Temperature
dependent unfolding hMSH6 native and mutants monitored by
circular dichroism at 240 nm. (B) One-dimensional NMR spectra.
(C) DNA binding of of HsMSH6 [68–201, Cys f Ser, S144I].
The 146 bp DNA fragment at a concentration of 26 nM was
incubated in the presence of increasing concentrations of S144I
mutated HsMSH6 [68–201, Cys f Ser ] PWWP domain: 26 nM
(lane 2), 52 nM (lane 3), 104 nM (lane 4), and 208 nM (lane 5).
Lane 1 indicates the mobility of the free DNA. The dissociation
constant Kd and the standard deviation were calculated as indicated
in the legend for Figure 4.
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5-stranded �-barrel stacked onto a large R-helix, as found
for other PWWP domains, but also presents unique additional
structural elements. A new �-sheet is found between �2 and
�3, an extended loop containing a 310 helix connects �5 to
R2, and an additional helix R4 is observed after R3 (Figure
3). Three-hundred nineteen PWWP domains are referenced
in the SMART database (29), and five structures of PWWP
domains have been determined to date (16, 25, 26, 30, 31).
These PWWP domains possess unique combinations of
insertion/deletions, and it is reasonable to suggest that the
diverse activities assumed by PWWP domains are at least
partially carried by these unique elements (31).

We report that human MSH6 PWWP domain binds to
double-stranded DNA with an apparent affinity that varies
with DNA size (Kd146bp ) 5 nM, Kd35bp ) 134 nM). Multiple
bands are observed by EMSA when the PWWP domain is
in the presence of large DNAs (357 and 211 bp, data not
shown; 146 bp; see Figure 4), suggesting that different ratios
of peptide/DNA are found within the complexes. It is difficult
to assess a possible cooperativity between the multiple DNA
binding events. Nevertheless, the number of bands observed
by EMSA decreases when DNA size is reduced, indicating
that the number of PWWP binding sites is directly linked to
DNA size. Only two complexes are observed when the DNA
is 35 bp long. This suggests that the 35 bp DNA can bind to
one or two PWWP peptides (the measured apparent affinity
takes into account both complexes because of the proximity
of the two corresponding bands on the EMSA gels) and that
a PWWP binding site is approximately 17 bp long. No DNA
sequence specificity is observed, as no sequence identity
could be found on more than 4 nucleotides between the 35
and 146 bp DNA fragments. Nonspecific DNA binding was
reported for Dnmt3b and HDGF PWWP domains (13, 25).
Only the LEDGF PWWP domain seems to participate in
sequence specific binding to Guanine/Adenine repeats (28).
MSH6 PWWP domain also binds to single-stranded DNA,
but with a 20 times lower apparent affinity. Consistently, it
binds to the 5′ recessed DNA with an intermediate affinity,
twice lower than the affinity for double-stranded DNA but
10 times higher than the affinity for single-stranded DNA.

We have mapped the DNA binding site on the PWWP
domain of MSH6. This binding site involves one face of
the protein. (Figure 6). It is reminiscent of the DNA binding
site mapped by NMR on the PWWP domain of HDGF (25).
Indeed, both DNA binding surfaces comprise loop �1�2, the
�4-strand, loop �4�5, and the helical turns located between
�5 and R3. Interestingly, the MSH6 PWWP DNA binding
site also involves specific structural elements, namely, loop
�2�2′, the �2′-strand, and loop �2′�3. The �-hairpin �2′-�3
is highly positively charged, which makes it a putative DNA
binding surface; however, as this hairpin is partially unas-
signed, its participation to DNA binding was difficult to
evaluate.

Structural and Functional Relationships between Tudor
and PWWP Domains. The PWWP domain belongs to the
royal structural family also containing Tudor, MBT, and
chromo domains (32). These domains, found in proteins
associated with chromatin, are reported to interact with
methylated lysines or arginines through a cluster of aromatic
residues (33–36). The MSH6 PWWP domain also possesses
an aromatic cluster (Y103, W106, and F133) at an equivalent
position (35). Nevertheless, to date, no PWWP domain was

reported to bind proteins carrying methylations (33). We
show that the human MSH6 PWWP aromatic cluster is
involved in DNA binding. This could suggest that, whereas
PWWP and other royal domains share their �-barrel topology
and aromatic cluster, there is no functional relationship
between them. Alternatively, the same surface of the PWWP
domain might be involved in interactions with both DNA
and a yet unidentified methylated partner.

Interestingly, if yeast and C. elegans MSH6 do not exhibit
an N-terminal PWWP domain, A. thaliana MSH6 presents
an N-terminal Tudor domain (29) followed by predicted
R-helices (37). This Tudor domain probably shares functional
properties with the PWWP domain of human MSH6. Thus,
domain prediction softwares cannot always distinguish
between royal domains presenting functional properties
related to Tudor or PWWP domains.

NTR of Human MSH6 Is a Partially Structured Tether to
PCNA. Recently, Clark et al. (11) reported that both yeast
and human MSH6 NTR bind to homoduplex DNA, hetero-
duplex DNA containing a G/T mismatch, and also single-
stranded DNA, although with a lower affinity. They identified
a fragment of yeast MSH6, from residue 231 to residue 299,
which strongly binds DNA. Deletion of this fragment
provokes elevated mutation rates in yeast. Furthermore, the
homologous region 360–404 in human MSH6 corresponds
to the NTR fragment observed in the X-ray structure of the
human MSH6-MSH2 complex (38). It adopts an extended
conformation with few secondary structure elements and a
large number of positively charged residues. Deletion of this
fragment from the MSH6 construct studied by X-ray crystal-
lography strongly reduces its binding to cellulose derivatized
with single-stranded DNA, consistent with a role of this
fragment in nonspecific DNA binding.

We show here that in human, the NTR fragment (68–201)
of MSH6 exhibits DNA binding properties similar to those
reported by Clark et al. (11) for the whole yeast and human
NTR, that is, strong binding to homo and heteroduplex DNA,
weaker binding to single-stranded DNA. This fragment is
specific to metazoan MSH6. It may be responsible for the
increased DNA binding observed for hMSH6 NTR compared
to that for yMSH6. It is located between the PCNA binding
motif of MSH6 and the DNA binding motif described by
Clark et al. (11) (Figure 8). In yeast, the 234 residues between
the PCNA and DNA binding motifs are unstructured. In the
metazoan, most of the corresponding 350 residues probably

FIGURE 8: Model of the interaction of hMSH6 (cyan) with DNA
(orange). The PWWP domain was placed between MutSR (PDB:
2O8B) and PCNA (PDB: 1AXC). MSH2 is colored in green and
PCNA in magenta.
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form an unstructured tether to PCNA, as predicted using a
disorder analysis software (39), but 106 of these residues
fold into a globular domain, the PWWP domain, that binds
DNA.

In conclusion, we have discovered a nonspecific DNA
binding PWWP domain in the N-terminal region of MSH6
from higher eukaryotes. Mutations in human proteins in-
volved in MMR (Mlh1, Msh2, Msh6, and Exo1) cause
inherited somatic defects in MMR resulting in increased
development of a cancer predisposition syndrome called
HNPCC (hereditary nonpolyposis colorectal cancer). The
N-terminal domain of human MSH6 contains one of these
mutations, S144I, that has been found in four, nonrelated
families, in a particularly well-conserved codon (2). This
mutation causes endometrial or colorectal cancers at an early
age (14). The N-terminal domain also contains the mutation
R128L, which was identified in a patient suffering from
endometrial cancer (14). Interestingly, S144 and R128 are
in contact. Moreover, they cluster on a positively charged
surface involved in DNA binding. Structural analysis of the
N-terminal domain mutated at S144 reveals that the fold of
this mutant is conserved, while its stability is slightly
diminished compared to that of the native domain. Interaction
with DNA is not perturbed by the mutation S144I. Interest-
ingly, several phosphorylation sites have been proposed for
human MSH6 NTR, including two in the PWWP domain at
S137 and S144 (40, 41). Thus, the S144I mutation has an
impact on protein stability but could also affect an important
phosphorylation site involved in the regulation of interactions
involving the N-terminal region of MSH6.
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