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ABSTRACT

Mammalian MutY homologue (MUTYH) is an ade-
nine DNA glycosylase that excises adenine in-
serted opposite 8-oxoguanine (8-oxoG). The inher-
ited variations in human MUTYH gene are known
to cause MUTYH-associated polyposis (MAP), which
is associated with colorectal cancer. MUTYH is in-
volved in base excision repair (BER) with proliferat-
ing cell nuclear antigen (PCNA) in DNA replication,
which is unique and critical for effective mutation-
avoidance. It is also reported that MUTYH has a
Zn-binding motif in a unique interdomain connec-
tor (IDC) region, which interacts with Rad9-Rad1-
Hus1 complex (9—1-1) in DNA damage response, and
with apurinic/apyrimidinic endonuclease 1 (APE1) in
BER. However, the structural basis for the BER path-
way by MUTYH and its interacting proteins is un-
clear. Here, we determined the crystal structures of
complexes between mouse MUTYH and DNA, and be-
tween the C-terminal domain of mouse MUTYH and
human PCNA. The structures elucidated the repair
mechanism for the A:8-oxoG mispair including DNA
replication-coupled repair process involving MUTYH
and PCNA. The Zn-binding motif was revealed to
comprise one histidine and three cysteine residues.
The IDC, including the Zn-binding motif, is exposed
on the MUTYH surface, suggesting its interaction
modes with 9—-1-1 and APE1, respectively. The struc-
ture of MUTYH explains how MAP mutations perturb
MUTYH function.

INTRODUCTION

8-Oxoguanine (8-0x0G), a major oxidized form of gua-
nine generated by reactive oxygen species, is highly mu-
tagenic due to its mispairing with adenine. Accumulation
of 8-0xoG in DNA causes mutations, eventually leading
to cancer and neurodegenerative diseases (1,2). To avoid
8-0x0G accumulation in DNA, mammals have three en-
zymes: MutT homologue 1 (MTHI1), OGG1 (functional
counterpart of MutM) and MutY homologue (MUTYH)
(1,3). The functions of these enzymes, as well as their bacte-
rial counterparts—MutT, MutM and MutY, have been well
characterized by a number of previous studies (4-8). MTH1
hydrolyses mutagenic 8-0xo-dGTP and prevents its misin-
corporation into DNA (9-13). OGGI1 and MUTYH are
DNA glycosylases involved in base excision repair (BER)
of base pairs containing 8-0xoG (14-17). OGGI1 removes
the 8-0xoG base paired with cytosine, whereas MUTYH
excises a normal adenine base inserted opposite 8-0xoG on
the template strand.

Mammalian MUTYH shares 33% amino acid sequence
identity with MutY (mouse/human versus B. stearother-
mophilus, Supplementary Figure S1); further, inherited vari-
ations in human M UTYH gene are associated with colorec-
tal polyposis and cancer termed as MUTYH-associated
polyposis (MAP) (18-21). MUTYH and MutY have glyco-
sylase activity for normal adenine mispaired with §-oxoG
and are required to excise the adenine misincorporated
opposite 8-0x0G on the template strand (the adenine on
the nascent strand) during DNA replication because the
adenine on the template strand needs to be maintained
for preserving the original genetic information. MUTYH
interacts with proliferating cell nuclear antigen (PCNA)
through the PCNA-interacting protein box (PIP-box) at its
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C-terminal region (22) (Figure 1A, Supplementary Figure
S1), and a mechanism of replication-coupled repair for ef-
fective mutation-avoidance has been proposed: MUTYH is
recruited to the replication fork and removes adenine on
the nascent DNA strand through interaction with PCNA
(23,24). Replication-coupled repair by MUTYH is unique
among DNA glycosylases related to the 8-oxoG base pairs
because the other DNA glycosylases, MutY, MutM and
OGGl, seem to search for lesions on DNA by themselves
(25-28). Further, it is reported that a unique interdomain
connector (IDC) region of MUTYH is involved in its in-
teraction with DNA-associated proteins, such as Rad9-
Radl-Husl complex (9-1-1) in DNA damage response
and apurinic/apyrimidinic (AP) endonuclease 1 (APE1) in
BER (22,29-32) (Figure 1A, Supplementary Figure SI).
Previous experiments using inductively coupled plasma-
mass spectrometry (ICP-MS) and extended X-ray absorp-
tion fine structure (EXAFS) showed that MUTYH has a
novel Zn-binding motif composed of at least three cys-
teines in the IDC (Cys300, Cys307 and Cys310 in mouse),
and suggested that this Zn-binding motif in the IDC ar-
ranges the N- and C-terminal domains for binding to the
A:8-0x0G mispair (33). An additional study using a struc-
tural modelling of MUTYH indicates that Cys215 on the
[4Fe-4S] domain is a candidate for the fourth ligand of
Zn’" (34).

Biochemical and structural analyses of MutY have pro-
posed a catalytic mechanism for adenine removal following
the recognition of A:8-0xoG mispairing (35-38). The crys-
tal structures of MutM and OGGI have also revealed the
repair mechanisms of the 8-0xoG:C pair in DNA (39-41).
However, the structural basis for the BER pathway of MU-
TYH, especially through interactions with DNA-associated
proteins, is unclear because only the structure of the N-
terminal domain of human MUTYH is available (42). Fur-
ther, the structure of the Zn-binding motif in the IDC and
its role in the BER pathway have not yet been elucidated
in the previous studies (33,34). Here, we report the crys-
tal structures of complexes between mouse MUTYH and
DNA containing dSpacer (an AP site analogue, See Mate-
rials and methods):8-0x0G, and between the C-terminal do-
main (CTD) with the PIP box of mouse MUTYH and hu-
man PCNA. The structures have revealed the repair mech-
anism for the A:8-0xoG mispair, and proposed the mecha-
nism of replication-coupled repair by MUTYH and PCNA.
In addition, the structures showed that the Zn-binding mo-
tif is composed of His56 on the [4Fe-4S] domain, Cys300,
Cys307 and Cys310 on the IDC. The IDC, including the
Zn-binding motif, is exposed on the MUTYH surface, sug-
gesting its interaction modes with 9-1-1 and APEI, respec-
tively. We also examined the structural effects of MAP mu-
tations and discussed how these mutations perturb MU-
TYH function.

MATERIALS AND METHODS

Protein preparation and mutagenesis

cDNA fragments encoding the core regions of mouse
MUTYH (residues 45487, 35487 and 45-515)
(DDBJ/EMBL/GenBank accession ID: AB117938)
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(43) were respectively subcloned into the pET48b(+) vector
(Novagen). MUTYH with an N-terminal thioredoxin and
His tag was expressed using Rosetta-gami2(DE3)pLysS
cells,. MUTYH was purified using Co-affinity, cation
exchange, and heparin columns. The N-terminal tag
was removed using the HRV 3C protease before heparin
column chromatography. The CTD with the PIP box
of MUTYH (331-515) containing an N-terminal GST
tag was expressed using the pGEX-6P-1 vector (GE
Healthcare) and Rosetta2(DE3)pLysS cells. The CTD
was purified using glutathione affinity, cation exchange,
and gel filtration columns. The N-terminal GST tag was
removed with the HRV 3C protease before cation exchange
column chromatography. Human PCNA, which shares
97% amino acid sequence identity with mouse PCNA, was
prepared as described previously (44). The CTD-PCNA
complex was prepared by mixing the CTD and PCNA
solutions at a molar ratio of 1:1 (CTD:monomeric PCNA)
and was purified using a gel filtration column. The C300S
and F415A/S416A mutants (45-487); the L497A and
F500A mutants of CTD (331-515); the AC14 mutant
of CTD (331-501); the F500A mutant (45-515); and
the AL mutant (45-515 without 474-486) were purified
according to the above-mentioned protocols. Site-directed
mutagenesis for all mutants was carried out using the
KOD-Plus-Mutagenesis kit (Toyobo).

Crystallization, data collection, and structure determination

MUTYH-DNA complexes were prepared using MUTYH
(residues 45-487, 35-487) and DNA annealed with the
two oligonucleotides: 5-ATGAGAC-80G-GGGACT-
3'/5-TAGTCCC-dS-GTCTCA-3 (80G, 8-oxoguanine;
dS, dSpacer) (Hokkaido System Science). dSpacer, a
tetrahydrofuran derivative, is used as an AP site analogue
(45). Hereafter dSpacer is referred to as AP site for sim-
plicity. The data of dynamic light scattering (DLS) of the
MUTYH-DNA solution (I mg/ml) was measured at 298
K using DynaPro NanoStar (Wyatt Technology). Crystals
of Form I (residues 35-487 of MUTYH) and Form II
(residues 45-487 of MUTYH) were grown using a reservoir
solution (0.25 M lithium sulfate or ammonium sulfate, 0.1
M Bis-Tris pH 6.0, 20-22% PEG3350). The expression of
MUTYH with 40 uM Zn?* and crystallization with 100
wM Zn?* did not affect the quality of electron densities
around the Zn-binding motif. We also purified the complex
of the D207N mutant of MUTYH (a catalytically-inactive
mutant) and DNA containing A:8-0xoG, but could not
obtain crystals. The crystals of CTD-PCNA were obtained
using a reservoir solution (0.1 M imidazole pH 8.0 and 20%
PEGS8000). Crystals of MUTYH-DNA and CTD-PCNA
were cryoprotected with 15-20% glycerol and frozen at
100 K. X-ray diffraction experiments were performed
at 100 K on BL44XU at SPring-8, and on BL17A and
AR-NWI12A at Photon Factory. The data were processed
using HKL-2000 or XDS (46,47). The phases of the
MUTYH-DNA data were determined using a combina-
tion of molecular replacement with the coordinates of the
N-terminal domain of human MUTYH (PDB ID: 3N5N)
and single-wavelength anomalous dispersion with iron
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Figure 1. Structure of mouse MUTYH. (A) Domain architecture of MUTYH. His56, Cys300, Cys307 and Cys310, which are ligands of the Zn-binding
motif, are labelled in red. (B) Overall structure of the MUTYH-DNA complex (Form I). 8-OxoG and the AP site are shown in red. Zn>" is shown in
magenta. N and C indicate the N- and C-terminus of the structure, respectively. (C) Recognition of 8-0xoG. Hydrogen bonds are shown as dashed lines.
Van der Waals contacts are shown as dots. A water molecule is shown in red. (D) Recognition of the AP site. (E) Recognition model of the adenine base
by MUTYH. The model was generated by superposition of the MutY-DNA complex (gray, PDB ID: 3G0Q) on the MUTYH-DNA complex (white).
The superposed adenine nucleoside is shown in pink. Amino acid residues of MutY are shown in parentheses. (F) Possible space for the recognition of

2-oxoadenine. The surface of MUTYH is shown as a mesh.

atoms of the [4Fe—4S] cluster using PHENIX (48). Model
building and refinement were carried out using PHENIX
and COOT (49). The phases of the CTD-PCNA data were
determined by molecular replacement using MOLREP
(50) in the CCP4 program suite (51) with the structures of
PCNA (PDB ID: 1UL1) and the alanine model of CTD
as search models. After several cycles of the refinement of
PCNA and CTD, the structure of the PIP box was built
and fitted into the electron densities. In the refinement of
the CTD-PCNA complex, PCNA and the PIP box were
refined with clear electron densities, whereas most of the
CTD residues were refined as alanine owing to their weaker
electron densities compared to those of PCNA and the PIP
box. The data collection and refinement statistics are pre-
sented in Supplementary Table S1. All molecular graphics
were prepared using PyMOL (Version 2.0 Schrodinger,
LLC).

Size-exclusion chromatography

CTDs (wild type, L497A, F500A and ACI14) and PCNA
solutions were mixed at a molar ratio of 1:1 and ap-
plied to Superdex 200 10/300 GL (GE Healthcare). The
buffer solution for size-exclusion chromatography con-
tained 20 mM Tris—=HCI (pH 7.5), 50 mM NaCl and 1
mM B-mercaptoethanol. MUTYH (45-515) (wild type and
F500A) and PCNA were mixed at a molar ratio of 1:3, and
a buffer solution with 150 mM NaCl was used.

Measurement of glycosylase activity

The glycosylase activities of MUTYH (45-487) (wild type,
C300S and F415A/S416A) were measured in a 20 l
reaction buffer containing 50 mM Tris—HCI (pH 7.5), 150
mM NaCl, | mM DTT and 100 wg/ml BSA. The concen-
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trations of MUTYH were calculated by UV and Bradford
methods. The concentrations of MUTYH and DNA were
25 nM and 125 nM, and 100 nM and 20 nM, respectively.
The DNA substrate was prepared by annealing the two
oligonucleotides: 5-(FITC)-ATATAGGGAGTCCC-A*-
GTCTCAGTCATATT-3'/5-AATATGACTGAGAC-
80G-GGGACTCCCTATAT-3 (A* indicates adenine
mispaired with 8-0xoG). Reactions were carried out at
37°C and were terminated at various time points by adding
5 ul of 1 M NaOH and heating at 90°C for 10 min. The
samples were mixed with 25 wl of formamide, heated at
90°C for 10 min, and electrophoresed on a denaturing
15% (w/v) polyacrylamide gel containing 7 M urea. The
ratios of the substrates and products were analysed using
a fluorimaging analyser (Typhoon FLA 9000). The data
were fitted to the equations in a previous report (52).
The glycosylase activity of MUTYH (45-515 and AL)
in the presence of PCNA was measured using two an-
nealed oligonucleotides: 5-(FITC)-ATATAGGGAGTC
CCAGTCTC-A*-GTCATATT-3'/5-AATATGAC-80G-
GAGACTGGGACTCCCTATAT-3'. The concentrations
of MUTYH, DNA, and PCNA trimer were 100, 20,
50-5000 nM (for the 5-min reaction), and 25, 125, 50-2500
nM (for the 10-min reaction).

RESULTS AND DISCUSSION
Opverall structure of the MUTYH-DNA complex

We determined two forms (Form I and II) of the crys-
tal structures of mouse MUTYH in complex with DNA
containing AP:8-0xoG at 2.45- and 1.97-A resolution, re-
spectively (Figure 1, Supplementary Table S1). Form I
showed that MUTYH has a Zn-binding motif composed
of His56, Cys300, Cys307 and Cys310 (discussed later),
whereas Form II showed swapped Zn-binding with a neigh-
bouring symmetry mate in the crystal (Supplementary Fig-
ure S2A, B). DLS analysis showed that the MUTYH-DNA
complex (a calculated molecular mass of 58k using the se-
quence information of MUTYH and DNA) is monodis-
perse with an estimated molecular mass of 57k (Supplemen-
tary Figure S3), indicating that MUTYH is monomeric in
solution and the swapped Zn-binding observed in Form II
is due to the crystal packing. The structures of Form I and
IT are very similar except for the Zn-binding motif (r.m.s.d.
= 0.5 A for 387 Ca atoms). Thus, Form I was used for
discussing the overall structure of MUTYH, and Form II,
with higher resolution, was used for discussing the interac-
tions observed in the MUTYH-DNA complex except for
the IDC.

The N-terminal domain (NTD; the six-helix barrel and
[4Fe—4S] domains) and the CTD of MUTYH bind to AP:8-
oxoG in DNA (Figure 1B). The IDC connecting the NTD
and CTD traverses along the major groove of DNA, and
MUTYH encircles DNA via interaction between the six-
helix barrel domain and the CTD (Figure 1B). The structure
of the NTD is similar to that of human MUTYH (PDB ID:
3N5N, residues 65-350 but lacking the Zn-binding motif)
except for the IDC and the DNA binding regions (r.m.s.d.
= 0.5 A for 179 Ca atoms) (42) (Supplementary Figure
S4A). The overall structure of the MUTYH-DNA com-
plex was similar to that of the B. stearothermophilus MutY—
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DNA complex (PDB ID: 3G0Q) (37), except for the in-
sertion of IDC and the CTD orientation (Supplementary
Figure S4B). The hydrogen bonding network that encloses
DNA between the six-helix barrel domain and the CTD of
MUTYH differs from that of MutY, which results in dif-
ferent orientations of their CTDs (Supplementary Figures
S4B and S5).

Recognition of 8-0x0G, AP site, and adenine

8-0Ox0G is recognized by GInl110, Thrlll, Leul48 and
Tyr150 that were inserted into the DNA helix (Figure 1C,
Supplementary Figure S6A). GInl10 also forms a hydro-
gen bond with the phosphate backbone close to the AP
site and supports its flip-out structure (Figure 1D, Supple-
mentary Figure S6B). Comparison of the MUTYH-DNA
complex and the NTD of human MUTYH showed that
structural changes were induced in the DNA binding re-
gions by the insertion of GInl10 and Tyr150 into AP:8-
0x0oG (Supplementary Figure S4A). N7-H and OS atoms,
which are characteristic features of 8-0xoG, are recognized
by hydrogen bonds with Ser416 and van der Waals con-
tacts with Phe415 (Figure 1C). Mutations in Phe415 and
Ser416 (F415A/S416A) strongly reduced the glycosylase
activity for A:8-oxoG mispairing (Supplementary Figure
S7A), supporting that Phe415 and Ser416 are important for
8-0x0G recognition in DNA. This result is consistent with
the previous kinetic and DNA binding analyses of MutY,
which showed that the corresponding F307A/S308A mu-
tant of MutY has 8-fold lower k, for A:8-0xoG and 50-
fold higher K in the binding of DNA containing the A:§-
oxoG analogue (53). The binding mode of §-oxoG and
the AP site in MUTYH is similar to that in the com-
plex of MutY and DNA containing A:8-oxoG (PDB ID:
3G0Q), and the recognition of adenine by MUTYH was
examined using the structural model of MUTYH com-
plexed with the A:8-0xoG mispair (Figure 1E). The recog-
nition mode of adenine is mostly conserved between MU-
TYH and MutY, except for GIn251 and Met254 in MU-
TYH. MUTYH recognizes N6-H of adenine by a hydrogen
bond with Oe of the polar side chain of GIn251 whereas
MutY recognizes the N6-H by a hydrogen bond with the
negatively charged side chain of Glul88. Met254 of MU-
TYH makes van der Waals contacts with adenine instead of
Ile191 in MutY. The conformations of the catalytic residues
Asp207, Glul05 and Tyr189 in MUTYH are identical to
those of Aspl44, Glu43 and Tyr126 in MutY, indicating
that MutY and MUTYH share similar catalytic mecha-
nisms (35,37,38). MUTYH has glycosylase activity for both
2-oxoadenine (2-ox0A) and adenine (54). There is a space
between Arg80 and C2 of adenine, which can accommodate
the O2 atom of 2-oxo0A (Figure 1F). MUTYH would recog-
nize 2-0x0A through a possible hydrogen bond between O2
of 2-oxoA and Arg80.

Insights into DNA replication-coupled repair by MUTYH
and PCNA

It is proposed that MUTYH functions in DNA replication-
coupled repair through interaction between its C-terminal
PIP box and PCNA (23,24). To investigate replication-
coupled repair, the crystal structure of the CTD with the
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PIP box of mouse MUTYH (residues 331-515) in com-
plex with human PCNA (CTD-PCNA) was determined at
2.7-A resolution (Supplementary Table S1). There is one
CTD-PCNA complex (CTD:monomeric PCNA = 1:1) in
the asymmetric unit of the crystal, which comprises two re-
spective layers of PCNA and CTD (Supplementary Figure
S8A). PCNA forms a trimer with crystallographic symme-
try, which is essentially the same as that reported previously
(55). The structure of PCNA and the PIP box could be re-
fined, whereas the electron densities of the CTD were traced
with Ca atoms, and most of the CTD residues were refined
as alanine (Supplementary Figure S§B). The electron densi-
ties of the spacer region between the CTD and the PIP box
(470-489) and of the C-terminal tail (504-515) were missing
(Figure 1A, Supplementary Figure S1). In the CTD-PCNA
complex, specific interactions were observed only between
the PIP box of MUTYH and PCNA, which resulted in
weaker electron densities of the CTD compared to those of
PCNA and the PIP box. We focused on the interactions be-
tween the PIP box and PCNA in the CTD-PCNA complex
(Figure 2A, B) because the size-exclusion chromatography
experiments described later also showed that the C-terminal
PIP box is essential for interaction with PCNA.

The consensus amino acid sequence of the canonical PIP
box is defined by QXXhXXaa (h, hydrophobic; a, aro-
matic; X, any). The previous study revealed the impor-
tance of the PIP box, especially of the conserved Phe518
and Phe519 in human MUTYH (Phe500 and Phe501 in
mouse), for the interaction with PCNA (22). The PIP box
of MUTYH (QQVLDTFF) binds to the C-terminal side
of PCNA (hereafter referred to as the front side) (Figure
2A). The conserved GIn494 in the PIP box forms a hydro-
gen bond with the main chain of Ala252 in PCNA (Fig-
ure 2B left), and the conserved hydrophobic and aromatic
residues, Leu497, Phe500 and Phe501, make van der Waals
contacts with the hydrophobic pocket of PCNA (Figure 2B
right). The non-conserved Asp498 interacts with His44 in
PCNA. The hydrogen bond between Thr499 and Val496 in
the PIP box maintains its 3;¢ helix structure to fit Leu497,
Phe500 and Phe501 into the hydrophobic pocket of PCNA.
Size-exclusion chromatography experiments using CTDs
(331-515) with mutated PIP box (L497A and F500A) and
CTD without the C-terminal 14 residues (AC14, 331-501)
showed that all mutants lost their binding ability to PCNA
(Figure 2C). These results indicate that the PIP box includ-
ing the C-terminal tail (C-terminal PIP box region) is es-
sential for interaction with PCNA. Although the electron
densities of the C-terminal tail (504-515) were missing in
the structure of CTD-PCNA, the C-terminal tail of MU-
TYH would also contribute to the interactions with PCNA,
as in FEN1 and translesion DNA polymerases whose main
chains at the C-terminal side of the PIP box are involved
in interactions with PCNA (44,56). Further, MUTYH (45—
515) with the FS00A mutation cannot bind to PCNA (Fig-
ure 2D), indicating that the C-terminal PIP box region is
also required for the interaction between the core region
of MUTYH and PCNA. Based on these results, a struc-
tural model of replication-coupled repair by MUTYH and
PCNA was proposed (Figure 2E). MUTYH is recruited and
tethered to the replication fork by binding of its C-terminal
PIP box region to PCNA. MUTYH is loaded to the A:8-

0x0G mispair on DNA in a direction where the C-terminal
side of MUTYH faces the front side of PCNA. MUTYH
has a 23-amino acid linker between the CTD and the PIP
box (Supplementary Figure S1, a pink dashed line in Fig-
ure 2E), and this linker length does not allow recruitment of
MUTYH at the back side of PCNA. The binding direction
of MUTYH to DNA at the front side of PCNA, which is
fixed by tethering between the PIP box and PCNA, is appro-
priate for MUTYH to remove adenine on the nascent DNA
strand, resulting in replication-coupled repair for effective
mutation-avoidance. The model also shows that MUTYH
cannot access the damaged site while DNA polymerase syn-
thesizes a nascent DNA strand because DNA polymerase
also functions at the front side of PCNA (57). In replication-
coupled repair, switching from DNA polymerase to MU-
TYH on PCNA seems to be required, as in the case of FEN1
(57).

We further examined whether PCNA stimulates MU-
TYH glycosylase activity. Stimulation of MUTYH activity
by PCNA was not detected (Supplementary Figure S7B).
Similar results were reported with S. solfataricus uracil
DNA glycosylase and PCNA (58). We considered that the
linker length (23 amino acids) between the CTD and the
PIP box may affect stimulation by PCNA because it is
longer than that (four amino acids) of FEN1, whose ac-
tivity is enhanced by PCNA (44). However, the activity of
MUTYH with a short linker (AL, deletion of 13 amino
acids, Lys474-Ser486) was not stimulated by PCNA (Sup-
plementary Figure S7B). Previous experiments using an in
vivo repair assay showed that interaction between the PIP
box of MUTYH and PCNA is crucial for the efficiency
of replication-coupled repair (23). These results indicate
that the PIP box of MUTYH has an essential role in the
recruitment and tethering of MUTYH to the replication
fork for BER. RPA, a single-stranded DNA-binding pro-
tein in the replication fork, is another important element
for the discussion of the replication-couple repair by MU-
TYH because MUTYH has an RPA-binding site at its N-
terminal region (residues 6-32 in human MUTYH) (22).
In the structure of the MUTYH-DNA complex, the N-
terminus (Ser51 in the structure) is close to the template
strand (Figure 2E). The positions of the N-terminus of MU-
TYH and the template strand seem to be appropriate for the
interaction between MUTYH and RPA which binds to the
single-stranded template. These structural insights suggest
that PCNA and RPA synergistically act on the recruitment
of MUTYH and possibly enhance its activity.

Structure of a Zn-binding motif

The previous study showed that mouse MUTYH has a
novel Zn-binding motif composed of at least three cys-
teines, Cys300, Cys307 and Cys310 (33). Further, a struc-
tural modelling of MUTYH identified Cys215 as a candi-
date for the fourth ligand of Zn?* (34). Our crystal struc-
tures showed that the fourth ligand of the Zn-binding motif
is His56 on the N-terminal [4Fe-4S] domain, and that the
Zn-binding motif is formed by His56, Cys300, Cys307 and
Cys310 (Figure 3). Cys215, which is also conserved in hu-
man, forms a hydrophobic core close to the Zn-binding mo-
tif, with Phe326 and Pro327 on the IDC as well as Leu211,
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Figure 2. Structure and interactions of the complex between MUTYH and PCNA. (A) Overall structure of the PCNA trimer (green, lightgreen and
lightorange) in complex with the PIP box (magenta) of MUTYH. (B) Interactions between the PIP box and PCNA. (C) Size-exclusion chromatography
experiments using CTDs in complex with PCNA. Chromatograms of the wild type CTD (blue), L497A (red), FS00A (green) and AC14 (purple), and
SDS-PAGE analyses. WT indicates wild type. (D) Size-exclusion chromatography experiments using MUTYH (45-515) (wild type and F500A) in complex
with PCNA. Chromatograms of the wild type (blue) and FS00A (green), and SDS-PAGE analyses. (E) Structural model of replication-coupled repair by
MUTYH (cyan and pink) and PCNA (green). MUTYH is loaded to DNA in the appropriate direction for the recognition and removal of adenine on the
nascent DNA strand (red). The spacer region between the CTD and the PIP box (19 amino acids) is shown as a pink dashed line.

11e220, Pro224 and Leu233 on the [4Fe-4S] domain (Sup-
plementary Figure S2C). The activity measurement results
showing that the C300S mutant is less active than the wild
type, were consistent with previous experiments (33) (Sup-
plementary Figure S7A). In Form I, amino acids from
Arg285 to I1e297 and from Leu302 to GIn306 in the IDC
were disordered (Figure 3A). MUTYH was prepared and
crystallized in the presence or absence of Zn>*, which did
not affect the quality of electron densities around the Zn-
binding motif (as mentioned in Materials and methods).
The IDC in Form I has higher B-factors and the IDC in
Form II shows swapped Zn-binding in the crystal, indicat-
ing that a part of the IDC is flexible even in the complex
form with DNA (Supplementary Figure S2A, B). The flex-

ible nature of the IDC would be necessary for its binding
to different partners such as 9-1-1 and APE1 (discussed
later). The IDC covers the [4Fe-4S] domain and traverses
along the major groove of DNA (Figure 3A). The con-
served amino acid residues between mice and humans, such
as Leu311, Trp317, Asn325 and Phe326 on the IDC as well
as Ala219 and Tyr55 on the [4Fe-4S] domain make van der
Waals contacts, and the Zn-binding motif is located on the
protein surface (Figure 3B, C).

Structural insights into the functions of MUTYH cou-
pled with 9—1-1 and APE]1 through IDC were examined us-
ing the structures of MUTYH, 9-1-1 and APEI as well as
the biochemical data for their interactions (Figure 4). 9—1—
1, which is involved in the DNA damage checkpoint path-
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Figure 3. IDC and Zn-binding motif. (A) Structure of the IDC and the
Zn-binding motif. The amino acid residues Arg285-11e297 and Leu302-
GIn306 are disordered. (B) Van der Waals contacts observed in the IDC
and [4Fe—4S] domain. (C) Amino acid sequences around the Zn-binding
motif.

way, is a DNA damage-specific clamp for the recruitment of
the proteins in checkpoint signalling and DNA repair (59).
Recent study has described that MUTYH and 9-1-1 are
recruited to oxidatively damaged telomeres through SIRT6,
an NAD™"-dependent histone deacetylase (60). It is reported
that 9—1-1 interacts with MUTYH through the loop region
(Pro134-Asp155) in its Husl1 subunit (30). Structural stud-
ies on 9-1-1 indicate that 9-1-1 is a double-faced DNA
clamp that can recruit proteins at both the front and back
sides (61-64). FENT1 is indicated to bind to the front side
of 9-1-1 (63), whereas RHINO, which is involved in DNA
damage response through CHK 1 activation, interacts with
the edge close to the back side of 9-1-1 (64). The location
of the binding interface between the IDC of MUTYH and
the loop region in Husl of 9-1-1 suggests that MUTYH
functions at the front side of 9-1-1 which is loaded on the
damaged DNA (29,30) (Figure 4A). FEN1 also seems to be
recruited at the front side of 9-1-1, but in a different way,
through the interaction between its PIP box and 9-1-1 (63).

During BER, MUTYH is reported to protect its own
product, the generated AP site opposite 8-0x0G, from other
enzymes such as APE1 (in the presence of 5-fold molar ex-
cess) and OGGI, as MUTYH has a high affinity for its
own product (65). On the other hand, another report found
that APEI stimulates the glycosylase activity of MUTYH
in excessive amounts of APE1 (10-fold to 100-fold molar
excess) (31). These results indicate that increasing the fre-
quency of physical interaction between MUTYH and APE1
promotes the appropriate transfer of the generated AP site
from MUTYH to APEL. The AP site transfer is believed
to be an essential process in the BER pathway, as the AP
site is cytotoxic when left unprocessed. A previous NMR
study showed that APEI interacts with the IDC of MU-
TYH through two regions, its catalytic site and the back
site distal to the catalytic site (32). The binding interface be-
tween the IDC of MUTYH and only the back site of APE1

(His116-GlIn117 and Argl36-Cys138) suggests the interac-
tion for the AP site transfer from MUTYH to APE1 (Fig-
ure 4B). Through interaction with the IDC of MUTYH,
APE] is located at the 3’ side of the AP site generated by
MUTYH. APELI accepts the AP site from MUTYH with-
out interfering with the interaction between MUTYH and
PCNA because APEI interacts with MUTYH at the op-
posite side of the interface between MUTYH and PCNA.
In this model, the binding of APEI to the MUTYH-DNA
complex induces local structural changes of MUTYH and
DNA, which promote the release of the AP site from MU-
TYH and the AP site transfer to APE1 via sliding of DNA
(Figure 4B).

MUTYH-associated polyposis mutations

The common missense mutations in patients with MAP are
Y179C and G396D (Y150C and G365D in mice) (18,19).
In addition to Y179C and G396D, a number of MAP-
related mutations were identified, and their mutational ef-
fects on glycosylase activity or DNA binding were examined
(21). The missense mutations were mapped to the struc-
ture of the mouse MUTYH-DNA complex (Figure 5A).
All residues mapped in Figure SA were conserved between
humans and mice. Therefore, the amino acid numbering
of mouse MUTYH is used hereafter. Y150C, G365D and
five other missense mutations (R153H, R156W, R212W,
M254V and G257E) are located in the DNA-binding re-
gion (Figure 5B). These residues contribute to the inter-
actions with A:8-0xoG or the DNA backbone, and their
mutations would perturb recognition of the A:8-0xoG mi-
spair. In the common missense mutations, the phenotypic
effects of Y150C are relatively severe compared to those
of G365D (19). The data agrees with the MUTYH-DNA
structure in which Tyr150 is involved in a direct interaction
with 8-0x0G whereas Gly365 interacts with the DNA back-
bone close to the 8-0x0G. The mutations R216H/L, V217F
and P266L, observed in the [4Fe-4S] domain, would dis-
rupt the structure of the [4Fe-4S] cluster (Figure 5C). The
R245Q mutation distal to the [4Fe—4S] cluster loses hydro-
gen bonds with Asp76 and Asp248. The remaining three
mutations (I1194V, L357P and P374L) seem to destabilize
the hydrophobic cores in the MUTYH structure (Figure
SD).

CONCLUSION

Our structural and biochemical studies have elucidated the
repair mechanism for the A:8-0xoG mispair and proposed
the DNA replication-coupled repair process involving MU-
TYH, wherein MUTYH is loaded onto DNA by PCNA in
a fixed direction for the recognition and removal of ade-
nine on the nascent DNA strand. Further, the structure of a
Zn-binding motif and the structural effects on MAP muta-
tions were revealed. The Zn-binding motif at the IDC com-
prises His56, Cys300, Cys307 and Cys310, and is exposed to
the protein surface. The structures of MUTYH, 9-1-1 and
APEL, including their respective interacting regions, sug-
gest testable models for examining the BER mechanism of
MUTYH coupled with 9-1-1 and APEL, respectively.
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Figure 4. Suggested binding modes of MUTYH with 9—-1-1 and APEI. (A) Binding mode between MUTYH and 9-1-1 (green, pink and cyan, PDB
ID: 3A1J) in the cartoon and surface style. The IDC of MUTYH and the binding surface for MUTYH on 9-1-1 are shown in yellow. (B) Binding mode
between MUTYH and APEI (cyan, PDB ID: IDEW) (66) in the cartoon and surface style (left), and in the cartoon style (right). The binding surface for

MUTYH on APEL is shown in yellow. The AP site is shown with red spheres.

4 VS

Figure 5. MUTYH-associated polyposis (MAP) mutations. (A) Mapping of the MAP-related mutations. Amino acid residues of mouse MUTYH corre-
sponding to the MAP-related mutations are labelled. The amino acid numbering of human MUTYH is shown in parentheses. The amino acid residues for
DNA binding and for the stabilization of protein folding are shown in red and blue, respectively. (B-D) Interactions observed in the amino acid residues

involved in MAP.
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