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1. ABSTRACT 

 
The base excision repair carried out by bacterial 

MutY DNA glycosylase and eukaryotic MutY homolog 
(MYH) is responsible for removing adenines 
misincorporated into DNA opposite G and 7,8-dihydro-8-
oxo-guanines (8-oxoG); thereby preventing G:C to T:A 
mutations. Escherichia coli MutY (EcMutY) can also 
remove adenines from A/C and A/5-hydroxyuracil and can 
remove guanines from G/8-oxoG mismatches at reduced 
rates.  Thus, MutY has a minor role in reducing the 
mutagenic effects on G:C to A:T transitions and G:C to 
C:G transversions. The eukaryotic MYH can excise 
adenines misincorporated opposite GO, G, or C; remove 2-
hydroxyadenines mispaired with A,G, and GO; excise G 
from G/GO mismatch weakly, thereby preventing G:C to 
T:A transversions.  The in vitro and in vivo activities of

 
 
 
 
 
 
 
 
 
 
 
 

MYH can be modulated by several proteins including 
apurinic/apyrimidinic endonuclease (APE1), 
proliferating cell nuclear antigen (PCNA), and mismatch 
recognition enzymes MSH2/MSH6.  Recently, MYH has 
been shown to associate with the checkpoint proteins, 
Rad9, Rad1, and Hus1 (referred as the 9-1-1 complex). 
Thus, MYH-mediated base excision repair is 
coordinated with mismatch repair, DNA replication, 
cell-cycle progression, and DNA-damage checkpoints. 
Biallelic germ-line mutations in the human MYH gene 
are associated with recessive inheritance of multiple 
colorectal adenomas and carcinoma.  MYH mutations 
can cause G:C to T:A mutations of the adenomatous 
polyposis coli (APC), K-ras, and other genes that 
control cellular proliferation in the colon.   
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2. INTRODUCTION 
 
 The human genome is vulnerable to an array of 
DNA-damaging agents of both endogenous and 
environmental origins.  Thus, a variety of oxidation, 
alkylation, deamination, and radiation events produce 
thousands of cytotoxic and mutagenic base lesions per cell 
per day (1-3), which can lead to genome instability and 
degenerative conditions including aging and cancer (4).  
Constant scanning and repair of damaged DNA is essential 
to reduce mutagenic and cytotoxic accidents.  Multiple 
repair pathways with different mispair specificities are 
utilized by all organisms to reduce replicative errors and to 
protect their genomes from various types of damage and 
maintain their genome stability (1,3,5,6).  Sometimes, one 
lesion can be repaired by more than one pathway. 
Remarkably, the basic processes of DNA repair are highly 
conserved among diverse organisms.  In mammalian cells, 
detection and correction of DNA damage by repair 
enzymes occurs in a coordinated fashion with DNA 
replication, DNA methylation, transcription, cell cycle 
control, and apoptosis (7). 
 

Ionizing radiation, various chemical oxidants, and 
internal metabolism can cause damage to nuclear and 
mitochondrial DNA.  7,8-Dihydro-8-oxo-guanine (8-oxoG 
or GO) is one of the most stable products of oxidative DNA 
damage and has the significant deleterious effects.  In 
Escherichia coli, MutT, MutM, MutY, MutS, and Nei 
(endonuclease VIII) are involved in defending against the 
mutagenic effects of 8-oxoG lesions (Figure 1) [reviewed 
in (8) and (9)].  The MutT protein has 
pyrophosphohydrolase activity which eliminates 8-oxo-
dGTP from the nucleotide pool (Figure 1, reaction 1).  
MutM glycosylase (Fpg protein) removes both mutagenic 
GO adducts and ring-opened purine lesions paired with 
cytosines (Figure 1, reaction 2). MutS and MutY increase 
replication fidelity by removing the adenine 
misincorporated opposite GO or G (10,11) (Figure 1, 
reaction 3), and thus reduce G:C to T:A transversions. The 
MutS-dependent mismatch repair removes the mismatched 
A on the daughter DNA strand [reviewed in (12)].  MutY 
glycosylase excises A efficiently from A/GO mispairs 
when A is on the daughter strand to preserve genetic 
integrity (Figure 1, reaction 3). However, MutY reaction on 
A/GO mispairs when A is on the parental strand needs to 
be modulated (Figure 1, reaction 5). MutY can also remove 
adenine on A/G, A/C, and A/5-hydroxyuracil and can 
excise G from G/GO mismatches.  Nei can excise GO 
when GO is opposite a cytosine or adenine during DNA 
replication (Figure 1, reactions 2 and 6) and can serve as a 
backup pathway to repair 8-oxoG in the absence of MutM 
and MutY (8,13).   

 
The mechanism to defend against the mutagenic 

effects of 8-oxoG lesions is conserved among organisms 
(Table 1). Interestingly, Saccaromyces cerevisiae and 
Schizosaccharomyces pombe have no Nei homologs. 
Moreover, the MutY homolog (MYH or MUTYH) and the 
functional MutM/Fpg homolog (OGG) are not present in S. 
cerevisiae and S. pombe, respectively. Human cells possess 
functional homologs of MutT, MutM, MutY, MutS, and 

Nei.  The eukaryotic MYH DNA glycosylase can excise 
adenines misincorporated opposite GO, G, or C; remove 2-
hydroxyadenines misincorporated with template A,G, and 
GO; excise G from G/GO mismatch weakly (9,14-19), 
thereby preventing G:C to T:A transversions (18-21).  
Germline mutations in the hMYH gene cause autosomal 
recessive colorectal adenomatous polyposis, which is 
characterized by multiple adenomas, some of which 
progress to cancer (22-26). Tumors from affected patients 
contain somatic G:C to T:A mutations in the adenomatous 
polyposis coli (APC), K-ras, and other genes (22,27,28).   

 
The MutY and MYH interact with several 

proteins, some of which modulate their activities. The Endo 
VI, Exo III, and Endo VIII have been shown to enhance the 
turnover of MutY with A/G but not A/GO substrates 
(29,30). We have shown that MYH is directly associated 
with proliferating cell nuclear antigen (PCNA), replication 
protein A (RPA), apurinic/apyrimidinic (AP) endonuclease 
(APE1), and hMutS-alpha  (MSH2/MSH6) via hMSH6 
(31-33).  The glycosylase and DNA binding activities of 
MYH can be stimulated by APE1 and MutS-alpha (32,34).  
Recently, we showed that S. pombe MYH (SpMYH) and 
hMYH are associated with the checkpoint proteins, 
Rad9, Rad1, and Hus1 (referred as the 9-1-1 complex) 
[(35) and unpublished results]. The 9-1-1 complex has 
predicted structural homology to the PCNA sliding 
clamp (36,37) and is involved in signaling the DNA 
damage response of cell cycle arrest or apoptosis  
[Reviewed in (38)]. Thus, MYH-mediated base excision 
repair (BER) is coordinated with mismatch repair, DNA 
replication, cell-cycle progression, and DNA-damage 
checkpoints.  

 
3. MECHANISM OF BASE EXCISION REPAIR  
 

The BER pathway recognizes a large variety of 
spontaneous and induced DNA lesions including base 
modification (3,5,6). The first step of BER is carried out by 
a lesion-specific DNA glycosylase. These enzymes find 
specific lesions in the vast genomic DNA, flip the target 
base out of the DNA helix, and excise the target base to 
generate potentially mutagenic apurinic/apyrimidinic (AP) 
sites (39).  

 
3.1. Two types of DNA glycosylases 
  DNA glycosylases can be divided into two 
groups (40,41).  Monofunctional glycosylases, such as 
AlkA, excise the target base (Figure 2, reaction I) but lack 
the conserved lysine and AP lyase activity (41-43).  
Bifunctional DNA glycosylases, such as E. coli Endo III, 
possess strong AP lyase activity (44) (Figure 2, reaction II).  
The associated AP lyase cleaves the phosphodiester 
bond 3' to the AP sites by the reaction of beta-
elimination.  In general, a bifunctional glycosylase uses 
the epsilon-NH2 group of the conserved lysine to form a 
Schiff base intermediate.  The nucleophile Lys residue 
is activated by a conserved Asp as a general base.  Some 
bifunctional glycosylases such as MutM have a third 
activity that cleaves the DNA fragment containing an 
unsaturated aldehyde at 5'-phosphodiester bonds by 
delta-elimination (45,46) (Figure 2, reaction III).   
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Figure 1.  8-oxoG repair in E. coli and human cells.  E. coli MutT, MutM, MutS, MutY, and Nei (Endo VIII) are involved in 
defending against the mutagenic effects of 8-oxoG lesions (structure is shown in the inset).  The human functional homologs of 
MutT, MutM, MutY, MutS, and Nei are hMTH, hOGG1, hMYH, hMutS-alpha, and hNEIL1, respectively.  The MutT/MTH 
protein hydrolyzes 8-oxo-dGTP (dGoTP) to 8-oxo-dGMP (dGoMP) and pyrophosphate (reaction 1).  GO (Go) in DNA can be 
derived from oxidation of guanine or misincorporation of dGoTP during replication. The MutM/OGG1 glycosylase removes GO 
adducts while it is paired with cytosine (reactions 2, 4, and 7).  Nei/NEIL1 can function as a backup for MutM/OGG1 to removes 
GO from GO/C.  When C/GO is not repaired by MutM/OGG1, adenines are frequently incorporated opposite GO bases by DNA 
polymerase III or POLdelta/epsilon during DNA replication.  A/GO mismatches are repaired to C/GO by the MutY/MYH-
dependent or MutS/MutS-alpha-dependent pathway (reaction 3). When dGoTP is incorporated opposite adenine during DNA 
replication, MutY/MYH repair on GO/A can cause more mutation (reaction 5) while GO/A repair by MutS/MutS-alpha and 
Nei/NEIL1 can reduce mutation (reaction 6).  This figure is adapted from Lu et al. (9) with permission from Humana Press Inc. 
 
Table 1. 8-oxoG Repair Enzymes in Different Organisms 

E. coli Human S. cerevisiae S. pombe 
Bacteria Mammal Baking yeast Fission yeast 
MutY hMYH No SpMYH 
MutT hMTH1 ScMTH1 ? 
MutM hOGG1 ScOGG1 No 
 hOGG2 ScOGG2  
MutS hMSH2/MSH6 ScMSH2/hMSH6 SpMSH2/MSH6 
 hMSH2/MSH3 ScMSH2/MSH3 SpMSH2/MSH3 
 Others Others Others 
Nei (EndoVIII) hNEIL1 No No 
 hNEIL2   
 hNEIL3   

This table is reproduced from Lu (169) with permission from Elsevier. 
 
 Although MutY can form a covalent Schiff base 
intermediate with its DNA substrates (47-52), it is 
controversial whether MutY is a bifunctional or 
monofunctional glycosylase (50,52).  While several groups 
failed to detect AP lyase activity in their MutY preparations 

(41,50,53-56), a weak AP lyase activity of MutY has been 
reported (47-49,51,57-59).  Lys142 of MutY has been 
identified as the residue to form the Schiff base 
intermediate (51,52,60,61).  However, the formation of the 
Schiff base intermediate is not required for adenine 
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Figure 2.   Reactions carried out by monofunctional and bifunctional DNA glycosylases. Step I, DNA glycosylase removes 
target base (circled). For example, MutY removes A which is paired with GO, G, C or 5-hydroxyluracil on the other strand (not 
shown).  The product contains an AP site. Step II, bifunctional glycosylase containing AP lyase activity carries out the beta-
elimination activity.  The DNA backbone is cleaved to generate two fragments, one of which contains an unsaturated sugar 
moiety. Step III, some bifunctional glycosylases have the delta-elimination activity which removes the unsaturated sugar to 
produce a DNA fragment with 3’ phosphate group. This figure is modified from Lu et al. (29) with permission from 
Biochemistry Society. 
 
glycosylase activity by MutY (51,60,61).  Thus, the 
biological significance of the Schiff base formation of 
MutY is not clear.  A putative nucleophilic water is 
observed in the X-ray crystal structure of MutY complex 
with DNA (62), suggesting MutY is a monofunctional 
glycosylase.  It is possible that the epsilon-amine of Lys142 
may happen to lie closely to the active site and experience a 
chance encounter with the AP site.  Asp138 of MutY is 
essential for its glycosylase and trapping activities (51,63) 
but the DNA binding activity of the D138N MutY protein 
is similar to that of the wild-type enzyme (51).  
  
3.2. Enzymes involved in base excision repair 

To complete the base excision repair after 
glycosylase action, the cytotoxic and mutagenic AP site is 
further processed by an incision step, DNA synthesis, an 
excision step, and DNA ligation.  In E. coli, the AP-DNA 
can be processed by an AP endonuclease such as Exo III 
and Endo IV (Xth and Nfo proteins, respectively) to 
generate a 3' OH end for DNA synthesis.   Exo III is the 
major constitutive AP endonuclease and Endo IV is 
inducible by reactive oxygen species (ROS).  The BER 
repair is then completed by DNA polymerase I and DNA 
ligase (64).   The E. coli MutY repair pathway is dependent 
on DNA polymerase I.  The repair patch is 5-12 and 9-27 
nucleotides as measured  in cell extracts and in vivo, 
respectively (65,66).    

 
  In eukaryotes, there are two major sub-pathways 
for BER: a single-nucleotide short patch and a 2-10 
nucleotide long patch pathway (2,67-69) (Figure 3). The 
short patch BER pathway requires four proteins: APE1, 
DNA polymerase beta (POLbeta) and DNA ligase 

III/XRCC1 heterodimer (70).  The long patch BER 
pathway can be reconstituted with six proteins: APE1, 
replication factor C (RFC), proliferating cell nuclear 
antigen (PCNA), flap endonuclease 1 (FEN1), DNA 
polymerases delta/epsilon (POLdelta/epsilon), and DNA 
ligase I (69,71).  However, the long-patch BER reaction is 
stimulated by POLbeta and trimeric replication protein A 
(RPA, a single-stranded DNA binding protein) (33,72-74).   
Repair by hOGG1 and hMYH are carried out via short and 
long patch pathways, respectively (33,75). 
 
4. BACTERIAL MutY 

 
Several bacterial MutY homologs have been 

characterized including ones from E. coli, Salmonella 
typhimurium (76), Deinococcus radiodurans (77), and 
Bacillus stearothermophilus (62). This review focuses on 
the functions of E. coli MutY (EcMutY) and structure of B. 
stearothermophilus MutY (BsMutY). 

 
4.1. Substrate specificity of MutY  

MutY is initially identified as an adenine 
glycosylase that can repair A/G, A/GO, and A/C 
mismatches (53,55,59,78,79).   MutY is then shown to 
process weak guanine glycosylase repairing G/GO-
containing DNA (80,81). Recently, we showed that MutY 
has a weak adenine glycosylase activity on A paired with 5-
hydroxyuracil (hoU), a deaminated and oxidized form of 
cytosine (29). A/8-oxoG mismatches are particularly 
important biological substrates for MutY adenine 
glycosylase.  MutY is unique because it removes an 
undamaged base mispaired with the damaged base GO or 
5-hydroxyuracil. 
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Figure 3.   Alterative base excision repair (BER) pathways in eukaryotes.  A damaged base (solid square) is cleaved by a 
DNA glycosylase.  For example, hMYH excises A which is paired with GO, G, or C. A bifunctional glycosylase with AP 
lyase activity cleaves the phosphodiester bond 3' to the AP site (represented by a wavy line) and the resulting DNA with 3' 
unsaturated aldehyde can be processed by AP endonuclease (APE1) to generate an 3' OH end for DNA synthesis.   For 
monofunctional glycosylases, the phosphodiester bond 5' to the AP site is cleaved by APE1 and the resulting DNA with 5'-
deoxyribose-5-phosphate (5'dRP) is processed by the DNA deoxyribophosphodiesterase (dRPase) of POLbeta.  The DNA 
with one-nucleotide gap is filled-in by POLbeta and the nick is sealed by DNA ligase III/XRCC1 heterodimer.  The long-
patch BER pathway with a repair patch of 2-6 nucleotides, can be carried out by DNA polymerases delta/epsilon 
(POLdelta/epsilon) or POLbeta.  The RFC and PCNA facilitate the polymerase activities of POLdelta/epsilon while PCNA 
and RPA stimulate the activity of flap endonuclease 1 (FEN1) which cleaves the flapped oligonucleotide.  The newly 
synthesized DNA segments are represented by dotted lines.  The nick is sealed by DNA ligase I whose activity is enhanced 
by PCNA. Repair by hMYH is thought to be carried out via long patch pathways (33,120). The 9-1-1 complex (dark red 
circle) has been shown to interact with MYH (35), POLbeta (146), FEN1 (147,148), RPA (141), and LIG1 (149) (shown in 
Red). This figure is adapted from Lu et al. (9) with permission from Humana Press Inc. 
 

The DNA binding activity of MutY does not 
completely parallel its catalytic activity. The binding 
affinity of MutY with G/GO is slightly lower than that with 
A/GO-containing DNA, but higher than that with A/G-
containing DNA (Table 2). However, the catalytic activity 
of MutY to G/GO-containing DNA is much lower than that 
to A/G- and A/GO-containing substrates (80).  In addition, 

MutY binds tightly to T/GO and moderately to C/GO, both 
of which are not its catalytic substrates (80).  Because 
MutM is able to remove GO from T/GO, G/GO, and C/GO 
efficiently in vitro (82), MutY may modulate MutM 
activity on these substrates. The inhibition of MutM activity 
is especially important if T/GO and G/GO mismatches arise 
from misincorporation of T and G opposite oxidized
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Table 2.  Apparent Dissociation Constants (Kd) of E. coli 
MutY 

DNA duplex Kd (nM) 
A/G-20 5.3 ± 0.5b 
A/C-20 15 ± 3b 
A/GO-20 0.07 ± 0.01b 
AP/G-20 2.2 ± 0.3b 
AP/GO-20 0.18 ± 0.11c 
C/GO-20 11.5 ± 3.8c 
T/GO-20 0.11 ± 0.01c 
G/GO-20 0.11 ± 0.01b 
A/G-44 1.8 ± 0.3b 
A/GO-44 0.14 ± 0.01d 
C:G-20 375 ± 80b 
C:G-44 315 ± 49d 
A/hoU 124 ± 14e 

a The mismatched duplex DNA substrates are represented 
by a base-base mismatch followed by the chain length 
(number of base pairs). C:G represents a homoduplex 
DNA substrate. Dissociation constants for E. coli MutY are 
derived from references 57b, 80c, 114d, and 29e. This table 
is adapted from Lu (169) with permission from Elsevier. 

 
template guanines as well as if T/GO mismatches are 
derived from deamination of 5-methylcytosine opposite 
GO. It has been suggested by Bridges et al. (83) that MutY 
may regulate MutM activity in resting cells. 

 
MutY has high affinity to its DNA product 

containing an AP site (80,84,85). The purpose of the tight 
binding of MutY to its product (80,85) is to prevent the 
release of the toxic effect of AP site (Table 2) until other 
components are recruited to carry out the next repair step. 
Another biological significance of MutY binding to AP/GO 
mismatches after its glycosylase action may be to prevent 
removal of GO or cleavage at the AP site by MutM, and 
thus, to avoid the formation of double-strand breaks.  
 
4.2. Function of the MutY domains 

  MutY is a 39 kDa protein with an iron-sulfur 
cluster [4Fe-4S] (59,86). The N-terminal domain of MutY 
retains the catalytic activity (47,49,58,80,87) while the C-
terminal domain of MutY plays an important role in the 
recognition of GO lesions (47,80,84,87).  The X-ray crystal 
structures of the catalytic domain of E. coli MutYwith 
bound adenine (63) and of Bacillus stearothermophilus 
intact MutY(D144N) bound to DNA (62) show that MutY 
distorts the bound DNA substrate and the mismatched A is 
flipped out of the helix.  

 
The N-terminal domain of MutY contains two 

sub-domains: an iron-sulfur module and a 6-helix barrel 
module containing the conserved helix-hairpin-helix (HhH) 
motif (62,63). The N-terminal domain of MutY shares 
structural similarity with endonuclease III (endo III), AlkA, 
and hOGG1 (59,63,86,88-90).  A deep cleft is formed 
between these two sub-domains that interact extensively 
with the strand containing the mismatched adenine.  The 
active-site pocket that binds the flipped-out adenine 
consists of E37, L40, D138, N140, M185, Q182, and D186 
(63).  The iron-sulfur cluster of MutY is ligated by four 

conserved cysteines at positions 192, 199, 202, and 208 that 
are spaced as C-X6-C-X2-C-X5-C. The residues spacing the 
conserved cysteines are dominated by positively charged 
amino acids and are important for DNA recognition (91).  
The region of I191-C199 forms a surface exposed loop, 
referred to as the iron-sulfur cluster loop (FCL) motif (63) 
which is important in substrate recognition and MutY 
stability (92-94). The six-helix barrel module with the 
helix-hairpin-helix (HhH) motif has been shown to directly 
contact the backbone of the GO strand and has substantial 
interaction with the C-terminal domain (62). The HhH 
motif is involved in binding to the phosphate backbone 
(51,62,63). A MutY mutant (delete26-134) lacking the 6-
helix barrel domain can still bind DNA and has very weak 
catalytic activity, but it has no in vivo activity (95).  The 
mutant protein is a dimer in solution and binds DNA 
substrates in highly cooperative fashion. These data support 
a model whereby MutY scans the DNA cooperatively as a 
dimer or a multimeric complex to locate base-base 
mismatches (95).   

 
The C-terminal domain of MutY has been shown 

to play an important role in the recognition of GO lesions 
(47,80,84,87).  The binding affinity and reaction rate of a 
truncated MutY (residues 1-226) against A/GO-containing 
DNA are reduced when compared to those of the intact 
MutY (80,87).  Moreover, deletion of the C-terminal 
domain of MutY confers a mutator phenotype in vivo (80). 
Li and Lu (96) have shown that a region of the C-terminal 
domain of MutY corresponding to the cleft of MutT is 
involved in substrate recognition. F294A, R249A, and 
P262A MutY mutants have reduced binding and catalytic 
activities not only with A/GO but also with A/G 
mismatches, and are partially defective in in vivo 
complementation activity when they are expressed at low 
levels.  These findings suggest that the C-terminal domain 
of MutY may modulate the N-terminal domain of MutY in 
DNA binding and catalytic activities. Sequence comparison 
(87,97), NMR data (98), and  X-ray structure of MutY (62)  
indicate that the C-terminal domain of MutY is very similar 
to MutT (99,100).  However, the C-terminal domain of 
MutY recognizes GO differently from MutT (62). 
 
4.3. Mutator phenotype of the mutY mutants 

As mentioned above, MutY can remove adenine 
from A/GO, A/G, A/C and A/hoU mismatches and guanine 
from G/GO mismatches (55,78-81).  The adenine 
specificity to A/G and A/GO is consistent with the mutation 
phenotype of mutY mutants for G:C to T:A transversions 
(55,101,102). Because MutY activity on A/C, A/hoU, and 
G/GO is very weak, the most frequent mutations observed 
in mutY mutants are G:C to T:A transversions. The slightly 
increased G:C to C:G transversions observed in mutY 
mutant is likely contributed to the MutY activity on G/GO 
mismatches (81).  It is unclear whether the minor role of 
MutY in reducing the mutagenic effects on G:C to A:T 
transitions (101,102) is due to its activity on A/C or A/hoU.  
The increased G:C to A:T transitions in mutY mutants were 
previously interpreted as a failure of A/C mismatch repair 
(101,102). Because the MutY glycosylase activity on 
A/hoU (29) is similar to its weak activity on A/C 
mismatches (59,102) and hoU is an oxidized form of 
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cytosine (103), the increased G:C to A:T transitions in 
mutY mutants may be attributed to its deficiency in A/hoU 
repair.  When hoU/G mismatches are not repaired by Endo 
VIII, adenines are frequently incorporated opposite hoU 
bases during DNA replication (104). An A/hoU mismatch 
can subsequently cause a G:C to A:T transition during a 
second round of DNA replication.  The glycosylase activity 
of MutY on A/hoU may be involved in increasing 
replication fidelity by removing the adenine 
misincorporated opposite hoU if a guanine is incorporated 
opposite the template hoU during MutY repair synthesis.  

 
Cells with a single mutation in the mutY and 

mutM genes are moderate mutators, with approximately 10- 
and 40-fold higher mutation frequencies than wild-type 
cells, respectively (101,102,105). However, the mutation 
rates of mutY and mutM double mutants are 3-orders of 
magnitude higher than the wild-type cells (55). The nei 
mutants exhibit no mutator phenotype and nei mutY double 
mutants have the same mutation frequencies as single mutY 
mutants (13). However, nei mutY mutM triple mutants have 
significant higher mutation frequencies than mutY mutM 
double mutants (13). The mutT mutants have about 1000-
fold higher mutation frequencies of A:T to C:G mutations 
(106). However, mutTmutY double mutants have 2-fold 
lower mutation rates of A:T to C:G mutations than single 
mutT strains (107).  

 
4.4. MutY interacting proteins  
4.4.1. MutY and AP endonucleases 
 AP sites generated by DNA glycosylases are 
potentially mutagenic due to lack of base coding 
information and blockage of DNA synthesis (108,109). To 
prevent this toxic effect, MutY, like other DNA 
glycosylases, binds tightly to its AP site products 
(80,84,85) until other components are recruited to carry out 
the next repair step. It has been suggested that the base 
excision repair pathway may involve highly coordinated 
processes that are governed by protein-protein and protein-
DNA interactions (9,110,111).  The affinity of MutY to 
AP/GO is particularly strong and is mediated by its C-
terminal domain (80,84,87). The AP endonucleases, Endo 
IV and Exo III, have been shown to enhance the rate of 
product release of MutY with an A/G substrate, however, 
neither AP endonucleases enhance MutY turnover with an 
A/GO substrate (30).   
 
4.4.2. Interaction of MutY with MutM and Endo VIII  

There are interplays between the pathways 
involved in repair of oxidized purines and of oxidized 
pyrimidines. We and others have shown that MutY can 
inhibit MutM glycosylase activity on GO/AP, GO/C, 
GO/T, and GO/G mismatches (8,80). The extent of these 
inhibition effects is correlated to MutY binding affinity to 
these substrates. The biological significance for this 
modulation of MutM activity by MutY has been discussed 
in section 4.1. 

 
MutY may have some role in modulating Endo 

VIII on repair of oxidized pyrimidines. Endo VIII has been 
shown to serve as a backup pathway to repair 8-oxoG in the 
absence of MutM and MutY because nei mutY mutM triple 

mutants have significant higher mutation frequencies than 
mutY and mutM double mutants (13). However, its major 
role is to repair oxidized pyrimidines (13,112). The repair 
of hoU and hydantoins (the oxidation product of GO) by 
Endo VIII is inhibited by MutY (29,113). However, Hazra 
et al. (8) have shown that Endo VIII GO glycosylase 
activity on GO/G, GO/A and GO/C substrates is not 
affected by MutY and that Endo VIII does not affect MutY 
activity on A/GO and G/GO. This is surprising based on 
the tight binding of MutY to A/GO and AP/GO 
(47,80,84,87). We showed that Endo VIII can promote 
beta/delta-elimination on AP/G and weakly promote 
beta/delta-elimination on AP/GO, when AP/G and AP/GO 
are products of MutY reaction (29).  In addition, we 
showed that Endo VIII can promote MutY dissociation 
from AP/G, but not from AP/GO (29). So far, it remains 
unclear how MutY dissociates from AP/GO in vivo. 

 
5. EUKARYOTIC MYH  
 

The MutY homologs from fission yeast S. pombe 
(15,114), mouse (34,115), calf thymus (116), and human 
(16,117) have been characterized. SpMYH consists of 461 
residues that shows 28% and 31% identity with E. coli 
MutY and hMYH, respectively (114). Due to the high 
homology between SpMYH and hMYH, S. pombe has been 
used as a model organism to study MYH pathway. The 
mouse MYH has provided a good alternative to hMYH 
because mMYH has a better expression level than hMYH 
(16,18) and they share 86% similarity (34). Based on the 
physical interaction with PCNA and RPA (31,33,118) and 
in vitro repair assays (119,120), it is suggested that hMYH 
is involved in a long patch base excision repair pathway. 

 
5.1. Different forms of mammalian MYH 

A cDNA of the human mutY gene (hMYH) with 
an open reading frame encoding a 535 residue (59 kDa 
protein) was first reported by Slupska et al. (121). Ohtsubo 
et al. (17) then isolated ten different forms of cDNA for 
hMYH, which are classified into three types (alpha, beta, 
and gamma). Type alpha3 hMYH corresponds to the cDNA 
sequence identified by Slupska et al. (121). Mammalian 
MYH is significantly larger than the bacterial protein 
(17,34,121,122). The extended N-terminal domain is 
involved in mitochondrial targeting of MYH and interaction 
with replication protein A (RPA) while the C-terminal 
domain contains the nuclear localization sequence and 
PCNA interacting motif (17,19,20,33,123). Interestingly, 
the first 62 residues of type alpha1-alpha3 hMYH (17) are 
not present in the S. pombe MYH sequence (114). Moreover, 
both the rat and mouse transcripts cloned to date (34,122,124) 
lack sequences encoding for the first 14 N-terminal amino 
acids, which are present in human type alpha1-alpha3 MYH 

transcripts (17,121). In the human sequence, these 14 amino 
acids are a part of a putative mitochondria-targeting signal 
(19,123) as well as the proposed RPA binding motif (33). In 
this respect, the rodent cDNAs, are similar to type beta human 
transcripts, which start with the second methionine in hMYH 
alpha1-alpha3 (17).  

 
Takao et al. have shown that there are two types 

of hMYH proteins: a mitochondrial form (Type 1, residues 
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1–535) and a nuclear form (Type 2, residues 15–535) (19). 
However, Tsai-Wu et al. showed that Type 1 is localized to 
the nucleus (20). Ohtsubo et al. (17) showed that human 
cells have at least three isoforms (52-, 53-, 57-kDa) of 
hMYH and the 57 kDa Type 1 form is specifically detected 
in the mitochondrial fraction. These controversial results 
remain to be resolved. In addition, there are evidence that 
hMYH may be phosphorylated in vivo (125). Defective 
phosphorylation has been implicated in MYH dysfunction 
in colorectal cancer cell lines (125). In vitro, MYH 
glycosylase activity is modified by phosphorylation (16). 
Potential acetylation and phosphorylation sites in 
mammalian MYH sequences are clustered in both termini. 

 
5.2. Substrate specificity of MYH 
5.2.1. S. pombe MYH 

Similar to EcMutY protein, purified recombinant 
SpMYH expressed in E. coli has adenine DNA glycosylase 
activity on A/G- and A/GO-containing DNA (31,114,126). 
However, both enzymes have different salt requirements 
and slightly different substrate specificities. SpMYH has 
greater glycosylase activity on 2-aminopurine/G and A/2-
aminopurine but weaker activity on A/C than EcMutY 
(31,114). Partially purified SpMYH also removes G from 
G/GO at a lower efficiency than with A/GO and A/G (15). 
EcMutY and SpMYH also have different substrate binding 
affinity (114). Although SpMYH has great affinity to A/GO-
containing DNA as MutY, the binding affinity to A/G-
containing DNA is substantially lower for SpMYH than MutY.  

 
5.2.2. Murine MYH 

As mentioned above, both the rat and mouse 
transcripts (34,122,124) lack sequences encoding the first 
14 N-terminal amino acids, which are present in human 
type alpha(1–3) MYH transcripts (17,121). Yang et al. (34) 
have expressed a truncated mouse (m) MYH lacking the 
first 28 N-terminal amino acids in E. coli. Similar to 
EcMutY, mMYH excises A from A/GO and A/G substrates 
and binds tightly to its product containing an AP/GO (34).  
A further detailed analysis of the same truncated mMYH 
by Pope and David (115) indicates that the intrinsic rates of 
adenine removal from both A/GO and A/G substrates by 
mMYH are approximately 10-fold slower than those of 
EcMutY. However, similar to EcMutY, the rate of adenine 
removal is approximately nine-fold faster with an A/GO- 
than an A/G-containing substrate. In contrast to EcMutY, 
mMYH removes 2-hydroxyadenine mispaired with GO or 
G in duplex DNA efficiently. Furthermore, compared to 
MutY, mMYH is less sensitive to the structure of the base 
mispaired with GO or G.  

 
To investigate the function(s) of the N-terminus 

of rat (r) MYH function, Ma et al. (127) assayed several N-
terminal truncated forms. Deletion of 75 amino acids, 
which perturbs the catalytic core that is conserved with 
EcMutY, abolished excision activity.  In contrast, rMYH 
with deletions of either 25 or 50 amino acids retain 

glycosylase activity. Rat MYH (delete50) has lower Km and 
weaker binding with A/GO mismatches and favors the 
formation of excision products with 3'-OH termini than the 
intact protein. It should be noted that their studies are 
carried out in nuclear extracts containing the tested proteins 

(127) whose properties may differ from those of bacterially 
overexpressed (34,115). 

 
5.2.3. Calf MYH 

A 65-kDa protein as well as a functional, but 
apparently degraded, form of 36 kDa is partially purified 
from calf thymus nuclear extracts (116). Calf MYH 
specifically removes mispaired adenines from A/G, A/GO, and 
A/C mismatches. The glycosylase activity on A/C mismatches 
was 30-fold lower and the activity on A/GO mismatches was 
two-fold lower than that on A/G mismatches in the steady state 
assays. A specific binding complex is formed between calf 
MYH and A/G and A/GO substrates. Binding is sevenfold 
greater on A/GO substrates than on A/G substrates. 

 
A 35-40 kDa MYH protein, which is smaller than 

that of the nuclear MYH, has been purified from calf liver 
mitochondria (mt). The purified mtMYH cross-reacts with 
antibodies against both MutY and human MutY homolog 
(hMYH) (128). The purified mtMYH exhibited DNA 
glycosylase activity by removing the adenine mispaired 
with GO, G, or C and weakly removing guanine mispaired 
with GO. The protein binds to A/GO, G/GO and T/GO, 
weakly with C/GO, but not with A/G and A/C mismatches.  

 
5.2.4. Human MYH 

The first eukaryotic MYH activity on A/G 
mismatches is detected in HeLa nuclear extracts (21). After 
the cloning of  cDNA of hMYH (121), the hMYH protein 
has been expressed in E. coli (16,18,20), in an in vitro 
transcription–translation system (19), and in baculovirus 
expression system (129). Because of the low expression 
level and low solubility (16-18), hMYH cannot be purified 
to high homogeneity thus far. The recombinant hMYH 
expressed in E. coli and in an in vitro transcription–
translation system has adenine DNA glycosylase activity on 
A/8-oxoG-containing DNA substrates, but very weak 
activity on A/G-containing DNA substrates (16,18-20). 
However, the hMYH protein expressed in a baculovirus 
system has efficient binding and adenine DNA glycosylase 
activities on both A/G- and A/8-oxoG-containing DNA 
substrates at low salt (1–50 mM) concentrations (129). In 
contrast, at 150 mM salt concentration, hMYH glycosylase 
and DNA binding on A/G mismatches are weaker than on 
A/GO mismatches (129).  Human MYH also can remove 2-
hydroxyadenines paired with A, G, and GO (17). 

 
There is indication that hMYH may be modified 

in vivo. The substrate specificities of native and 
recombinant hMYH have been compared (16). Human cell 
extracts possess the adenine DNA glycosylase activity of 
hMYH and can form protein–DNA complexes with both 
A/G and A/8-oxoG mismatches. However, recombinant 
hMYH expressed in bacteria has much weaker glycosylase 
and substrate-binding activities towards A/G mismatches 
than native hMYH. Phosphorylation of native hMYH may 
explain, in part, this difference of the substrate specificities 
because dephosphorylation of native hMYH reduces the 
glycosylase activity on A/G more extensively than on A/8-
oxoG mismatches (16). Defective phosphorylation has been 
implicated in hMYH dysfunction in colorectal cell lines 
(125). 
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Figure 4. Mutations of the hMYH gene identified in MAP cases. The two most common hMYH mutations (Y165C and G382D) 
which account for near 80% of MAP in Caucasians are in larger font. Four of these variants of hMYH (Y165C, G382D, R227W 
and V232F, shown in red) have been characterized biochemically. Functional domains of hMYH are indicated. The conserved 
Asp222 required for hMYH catalytic activity is shown by a red line inside the MYH coding box. The binding sites of hRPA 
(residues 6-32, in orange box), hMSH6 (residues 232-254, in yellow box), hAPE1 (residues 295-318, in green box), and hPCNA 
(residues 505-527, in blue box) of hMYH are also shown (32,33). This figure is modified from Sampson et al. (170) with 
permission from Biochemistry Society. 
 
5.3. Interactions between MYH and other repair 
pathways  

The MYH activity can be modulated by 
other proteins. Physical interactions between MYH 

and APE1 have been demonstrated (33) and APE1 
can enhance the glycosylase activity of MYH  (34). 
The hAPE1 binding site is mapped to amino acid 
residues 295-318 of hMYH (33) (Figure 4). 
Interestingly, the enhancement of MYH catalytic 

activity by APE1 is independent of its endonuclease 
activity (34). In addition, hMYH and hAPE1 are 
present in the same protein–DNA complex formed by 
the HeLa extracts and A/GO-containing DNA (16). 

 
We have shown that MYH is directly 

associated with hMutS-alpha (MSH2/MSH6) via 
hMSH6 (32).  The hMutS-alpha binding site is 
mapped to amino acid residues 232-254 of hMYH 
(Figure 4), a region conserved in the MutY family. 
The glycosylase and DNA binding activities of MYH 
with an A/8- oxoG mismatch can be stimulated by 
MutS-alpha (32).  These results suggest that protein-
protein interactions may be a means by which hMYH 
repair and mismatch repair cooperate in reducing 
replicative errors caused by oxidized bases. 

 
5.4. Interaction between MYH and DNA 
replication 

We have shown that MYH is directly 
associated with proliferating cell nuclear antigen 
(PCNA) and replication protein A (RPA) (31,33). 
The hAPE1 binding site is mapped to amino acid 
residues 295-318 of hMYH (33) (33) (Figure 4). 
Interestingly, both the rat and mouse transcripts

 
cloned to date (34,122,124) lack sequences encoding 
the first 14 N-terminal amino acids of hMYH and the 
S. pombe MYH (114) lacks the first 62 N-terminal 

amino acids of hMYH. It will be interesting to see 
whether mouse, rat, and S. pombe MYH interact with 
RPA. The hPCNA binding activity is located at the 
C-terminus of hMYH containing residues 505-527 
(33) (Figure 4). The conserved PCNA binding motif 
QXXLXXFF is found in human and mouse MutY 
homologs (34,121).  Parker et al. (33) have shown 
that hMYH is directly associated with hPCNA and 
Boldogh et al. (118) have shown that hMYH 
colocalizes with hPCNA to the replication foci.  
Although S. pombe MYH (114) does not contain a 
perfect PCNA binding motif, SpMYH interacts with 
SpPCNA (31). Moreover, SpMYH interacts with 
hPCNA and SpPCNA interacts with hMYH (31). 
Thus, glutamine at position 1 and phenylalanine at 
position 8 are dispensable for SpMYH and SpPCNA 
interaction.   

 
In order to prevent mutations, MYH adenine 

glycosylase activity must be directed to the newly 
synthesized strand, but not the template strand, 
during DNA synthesis. It has been suggested that 
hMYH repair is coupled to DNA replication through 
docking with hPCNA and hRPA (31,33,118).  In such 
a model, MYH can remove adenines on the daughter 
strands mismatched with guanines or 8-oxoG (Figure 
1, reaction 3) as a result of DNA replication errors, 
but cannot excise the adenines on the template 
strands (Figure 1, reaction 5).  Boldogh et al. (118) 
have demonstrated that hMYH in the nucleus co-
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Figure 5. DNA glycosylases may act as adaptors for 
checkpoint sensors.  ATM/ATR, Rad17-RFC, and the 9-1-1 
complexes may serves as sensors for DNA damage 
response to arrest cell cycle, enhance DNA repair, and 
induce apoptosis.  After stress, ATM or ATR is activated 
and can transduce the DNA damage signal by 
phosphorylating Chk1, BRCA1, p53, and other proteins in 
a 9-1-1 complex and Rad17 dependent manner. Recent 
results support a model that DNA glycosylases recognize 
the lesions and recruit Rad9/Rad1/Hus1 and Rad17/RFC to 
the site of damage. The base excision repair activity is then 
further enhanced by Rad9/Rad1/Hus1 (indicated by an 
open arrow). 

 
cocalizes with BrdU at replication foci and with 
proliferating cell nuclear antigen (PCNA). The levels of 
hMYH in the nucleus increase 3- to 4- fold in S phase 
compared to early G1. We have provided direct evidence 
that the interaction between SpMYH and SpPCNA of S. 
pombe is important for SpMYH biological function in 
mutation avoidance (31).  A mutant form of SpMYH, 
which has normal glycosylase activity but cannot interact 
with SpPCNA, is partially defective in vivo.  While the 
SpMYH-defective cells expressing hMYH have partially 
reduced mutation frequency, the F518AF519A mutant 
hMYH containing mutations in its PCNA binding motif 
could not reduce the mutation frequency of SpMYH-
defective cells. Hayashi et al. (119) have shown that DNA 
replication enhances the MYH-dependent repair of A/GO 
mismatches in vivo. They also showed that interaction 
between PCNA and MYH is critical for MYH-initiated 
A/GO repair. In contrast, the interaction between mMYH 
and mPCNA is found to be unimportant for mutation 
avoidance in mouse ES cells (130). 

Parlanti et al. (120) have shown that human cell 
extracts perform BER on both DNA strands of an A/GO 
mismatch. First, A/GO mispairs are converted to C/GO that 
may be mediated by the MYH BER pathway. The resulting 
C/GO is then corrected to C/G that is consistent with a 
hOGG1-mediated BER. Repair synthesis on either strand is 
completely inhibited by aphidicolin suggesting that the two 
BER events are likely to be mediated by POLdelta/epsilon. 
Although POLdelta prefers to incorporate dCTP (14% 
misincorporation of dATP opposite GO on the template), 
the extension past A/GO mispair predominates (131). 
However, binding of hMYH to DNA polymerases beta and 
delta is not detected (33).  

 
5.5. Interactions between MYH and cell cycle 
checkpoint proteins 

DNA repair is coordinated with cell-cycle 
progression and DNA-damage checkpoints (6,132). Cell 
cycle checkpoints are surveillance mechanisms that 
monitor the cell's state and preserve genome integrity 
(38,133-135). The loss of proper response to DNA damage 
controlled by these checkpoints can lead to genomic 
instability, and has been implicated in carcinogenesis.  The 
signal transduction pathways triggered by DNA damage 
involve many components, including sensors, transducers, 
and effectors (Figure 5). Human ATM (ataxia 
telangiectasia mutated) and ATR (ATM- and Rad3-related 
protein) are phosphoinositol phosphate 3 (PI-3) kinase-
related kinases, and are central components of the DNA 
damage response (38). After stress, ATM or ATR is 
activated and can transduce the DNA damage signal by 
phosphorylating Chk1 and other proteins in a 
Rad9/Rad1/Hus1 (9-1-1 complex) and Rad17 (a component 
of clamp loader) dependent manner. Rad17 protein is 
homologous to the largest subunit of replication factor C 
(RFC), and forms the alterative clamp loader with RFC2-5.  
Rad9, Rad1, and Hus1 form a heterotrimeric complex (the 
9-1-1 complex) that exhibits structural similarity with the 
homotrimeric clamp, PCNA (36,37,136). The 9-1-1 
complex is loaded onto DNA by Rad17-RFC (137-139).  
 ATM/ATR, the 9-1-1 complex, and Rad17 are 
proposed to act at an early step to sense DNA damage 
(140) (Figure 5). The recruitment mechanism of these 
checkpoint sensor proteins to DNA lesions is poorly 
understood.  There are two models to address how these 
sensors are recruited to the damaged sites. In the first 
model, these checkpoint proteins may detect a common 
intermediate, such as single-stranded DNA coated by 
replication protein A (RPA), which is processed by various 
DNA repair pathways (135).  RPA has been shown to 
directly interact with the 9-1-1 complex (141).  In the 
second model, these checkpoint proteins may require a 
series of "adaptors" to recognize DNA damage (Figure 5). 
Such adaptor proteins may be DNA damage recognition 
proteins involved in base excision repair, mismatch repair, 
nucleotide excision repair, and double-strand break repair 
(142-145).  
 
 Recent findings showed a link between the 9-1-1 
complex and the BER pathway. We have shown that the 
fission yeast S. pombe 9-1-1 complex is associated with 
SpMYH, and that the DNA damage-induced 
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phosphorylation of SpHus1 is dependent on SpMYH 
expression (35). Our unpublished results showed that 
hMYH is also associated with the checkpoint proteins, 
Rad9, Rad1, and Hus1. Recently, the 9-1-1 complex has 
been shown to interact with and stimulate other 
components of base excision repair, including polymerase 
beta (146), flap endonuclease 1 (FEN1) (147,148), RPA 
(141), and DNA ligase l (LIG1) (149) (Figure 3). These 
findings indicate a new role for the 9-1-1 complex.  At the 
lesion sites, the complex not only serves as a damage 
sensor to activate checkpoint control, but it is also a 
component of BER pathway and may act as a platform for 
the different factors involved in BER (150) (Figure 3). The 
results support a model that checkpoint proteins require a 
series of "adaptors" to recognize DNA damage. In this 
model, a DNA glycosylase first recognizes specific DNA 
lesions, and then recruits Rad9/Rad1/Hus1 to initiate the 
signal response pathways that control cell cycle arrest, 
apoptosis, and direct activation of DNA repair (Figure 5).  
  
5.6. MYH knockout yeast and mouse 
 The first demonstration that eukaryotic MYH 
plays an important role in cellular protection against 
oxidative DNA damage was performed in S. pombe cells 
(126). The SpMYH knockout strain displays a 36-fold 
higher mutation frequency than the wild type strain. The 
strong mutator phenotype of a SpMYH mutant stain 
suggests that SpMYH, like E. coli MutY, is critical for 
oxidative DNA repair and other DNA repair pathways 
cannot substitute for its functions. Because S. pombe does 
not contain any MutM or OGG1 homolog (Table 1), a 
single SpMYH mutant may behave like a mutYmutM double 
mutant of E. coli whose mutation rate is 3-orders of 
magnitude higher than the wild-type cells (55).  Disruption 
of SpMYH also causes increased sensitivity to H2O2, but not 
to UV-irradiation. Expression of SpMYH in the knockout 
cells restores the adenine glycosylase activity, reduces the 
mutation frequency, and elevates the resistance to H2O2. 
The SpMYH mutant strain expressing catalytic inactive 
SpMYH(D172N) is still a mutator.  Moreover, when 
SpMYH(D172N) mutant is expressed in the wild type cells, 
the mutation frequency is even higher than that of the 
parental strains. Thus, a mutant SpMYH that retains 
substrate-binding activity but is defective in glycosylase 
activity exhibits a dominant negative effect.   
 

In contrast to S. pombe, knockouts of Myh or 
Ogg1 gene in mice have unexpectedly mild consequences 
(151-153). This has been explained by redundant repair 
pathways to cope with oxidative stress in the mouse cell. It 
has been reported that Myh knockout mice develop higher 
frequency of intestine tumor after 18 months old (152). 
MYH-null mouse embryonic stem (ES) cells have a 
spontaneous mutation rate in the Hprt locus 2-fold higher 
than the wild type cells (130). The expression of wild type 
mMYH restores the increased spontaneous mutation rates 
of the MYH-null ES cells to the wild type level (130). The 
combined deficiency in Myh and Ogg1 predisposes mice to 
tumors, predominantly lung and ovarian tumors, and 
lymphomas (153). It is interesting that the types of tumors 
developed in the double knockout mice is different from 
that found in human MAP with colon cancer. Subsequent 

analyses identified G:C to T:A mutations in 75% of the 
lung tumors at an activating hot spot, codon 12, of the K-
ras oncogene. Moreover, malignant lung tumors were 
increased with combined heterozygosity of Msh2 (153). 
Thus, oxidative DNA damage appears to play a causal role 
in carcinogenesis.  

 
5.7. MYH deficiency and colorectal cancer 

Failure to repair oxidation damage is predicted to 
lead to genome instability and degenerative conditions 
including aging and cancer (4).  Among many DNA 
glycosylases, deficiency of MYH and NEIL1 are associated 
with human disease. Mutations in the hNEIL1 gene may be 
involved in gastric cancer (154).   Biallelic germ-line 
mutations in the human MYH gene are associated with 
recessive inheritance of multiple colorectal adenomas and 
carcinoma (22-26).  This new genetic predisposition to 
cancer is referred to as MYH-associated polyposis (MAP). 
MAP is similar to but slightly differs from familial 
adenomatous polyposis coli (FAP) in its mode of 
transmission, later age of onset, a less florid form of 
polyposis, and fewer extra colonic manifestations. MYH 
mutations can cause G:C to T:A mutations of the 
adenomatous polyposis coli (APC), K-ras,  and other genes 
that control cellular proliferation in the colon (22,27,28). 
The mutations in APC gene found in MAP occur at hot spots 
containing GAA sequences (22). Screening of hMYH mutation 
in FAP-like patients without inherited APC mutation has 
shown that biallelic mutations in the hMYH gene account for 
approximately 25% of such cases (24-26,155-158). More than 
20 mutations in the hMYH gene have been identified in MAP 
patients to date (Figure 4). Human MYH may have functions 
other than mutation avoidance. A patient with rheumatic 
disease contains autoantibodies to hMYH (159). The levels of 
GO-repair enzymes including MYH increase after ischemia-
reperfusion of spinal cord (159,160). 

 
The two most common hMYH mutations, which 

account for approximately 80% of MAP in Caucasians, are 
Y165C and G382D. The biochemical effects of Y165C and 
G382D mutations have been defined (161-164).  In vivo, 
expression of hMYH(Y165C) mutant is unable to 
complement E. coli mutY mutation (162). The Y165C of 
hMYH (164) and  the equivalent Y150C mMYH (163) 
expressed in E. coli, as well as the equivalent Y82C of E. 
coli MutY (161) are defective in DNA glycosylase activity 
on A/GO mismatches.  The Y150C mMYH has a large 
decrease in the rate of adenine removal from both A/GO 
and A/G mismatches (163). The mMYH(Y150C) mutant 
exhibits a significantly reduced binding affinity to DNA. In 
addition, while hAPE1 stimulates the glycosylase activities 
of wild-type mMYH with an A/GO substrate, the 
glycosylase activity of mMYH(Y150C) is inhibited by 
hAPE1 (163). The importance of Y165 of hMYH in 
catalysis can be explained by the X-ray structure of 
BsMutY bound to an A/GO mismatch-containing duplex 
(62). The corresponding Y88 of BsMutY is intercalated on 
the 5′-side of the GO, and the OH group of Y88 hydrogen 
bonds with S308, which in turn hydrogen bonds with the 
N7H of the GO. The intercalation of this tyrosine into the 
duplex has been implied to interrogate undamaged DNA 
and search for lesions (165). 
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The G382 of hMYH is highly conserved among 
members in MutY family, thus suggesting its importance role 
in the activity of MutY and its homologues. The BsMY-DNA 
structure reveals that the corresponding G260 initiates a turn 
that makes contact to the phosphate backbone 5′ to the GO 
(62), and therefore a mutation at this position likely affects the 
GO recognition role of the C-terminal domain (47,80,84,87). 
In vivo, expression of hMYH(G382D) mutant is unable to fully 
complement E. coli mutY mutation (162) and expression of 
mMYH(G365D) protein cannot suppress the elevated 
spontaneous mutation rate of the MYH-null ES mouse cells 
(130). Thus, the germ-line mutation G382D in hMYH gene is 
likely to be responsible for the MAP phenotype. 

 
However, there are inconsistent results about the 

biochemical activities of hMYH(G382D) protein on A/GO 
mismatches. While hMYH(G382D) expressed in E. coli has 
been shown to be inactive towards A/GO mismatches (164), 
the equivalent EcMutY(G253D) is only partially inactive on 
A/GO mismatches (161,162) and mMYH(G365D) shows a 
decreased catalytic rate with an A/G but not on A/GO 
mismatches (163,166,167). Recently, Ushijima et al. (167) 
showed that mMYH(G365D) has substantially reduced 
glycosylase activity on  2-OH-A opposite of guanine. Their 
results imply that this reduced repair capacity of the mutant 
hMYH(G382D) is the cause of MAP. The mMYH(G365D) 
variant has a significantly reduced binding affinity to DNA 
(163,166). Tominaga et al. (166) showed that mutant 
mMYH(G365D) cannot prevent mAPEX1 from incising the 
generated AP site paired with GO and cannot prevent OGG1 
from excising 8-oxoG opposite the generated AP site.  
However, Pope et al. (163) showed that APE1 can stimulate 
product formation by mMYH(G365D) with an A/GO 
substrate. The conflict between these results has yet to be 
solved. Nevertheless, these results suggest that the product 
binding affinity of MYH is to avoid inappropriate and 
potentially mutagenic activities by enzymes such as hOGG1 
(166).  

 
Two additional variants of hMYH (R227W and 

V232F) associated with MAP have recently been 
characterized (117).  The hMYH(R227W) severely reduces 
the ability to bind an A/8-oxoG mispair and to catalyze 
adenine excision from A/8-oxoG mismatches.  In addition, 
the R227W mutant also displays an impaired function to 
complement the phenotype of E. coli mutY.  
hMYH(V232F) is also deficient in DNA binding and 
glycosylase activities, although the biochemical differences 
between the mutant and wild type enzymes are less 
pronounced than for hMYH(R227W).  The hMYH(V232F) 
mutant enzyme may be able to effectively recognize 
mispairs and catalyze some reactions, but it exhibits a 
lower affinity to DNA substrates than the wild type protein 
(as observed for the mouse G382D homolog) (163,166). 
Although mutations (R227W and V232F) lie adjacent to 
the hMSH6 binding domain (Figure 4), both mutant 
proteins retain the ability to interact with hMSH6.  

  
6. CONCLUSIONS AND PERSPECTIVES 
 

Since the discovery of the linkage of germ-line 
mutations in the hMYH gene with MAP in 2002,  studies on 

MutY and MYH repair have been greatly stimulated. 
Oxidative DNA damage plays a causal role in mutation 
load and carcinogenesis and is removed by several repair 
pathways that are usually redundant. It is believed that BER 
involves highly coordinated processes that are governed by 
protein-protein and protein-DNA interactions, and that 
these processes may involve a hand-off mechanism of the 
cytotoxic intermediates.  The important questions to 
address are how the cell completes the repair pathway 
without releasing toxic intermediates, such as AP sites or 
strand breaks, and how it coordinates different DNA repair 
pathways for different lesions in relation to DNA 
replication and the cell cycle. So far, how MutY and MYH 
dissociate from AP/GO is not clear. Unidentified factors 
may be involved to facilitate this process.  

 
DNA glycosylases must interrogate millions of 

base pairs of undamaged DNA in order to locate the lesion.  
The nature of this search process remains poorly 
understood. Recently, the structure of MutM with normal 
DNA provides some clues to this search (165). It has been 
proposed that MutY may use a dimer form to scan the 
DNA and locate the mismatch (95). A unique property of 
MutY and MYH is that they excise a normal A from A/GO, 
A/G, A/C and A/5-hydroxyuracil as well as excise G from 
G/GO. In contrast to EcMutY, hMYH can remove 2-
hydroxyadenines paired with A, G, and GO. The biological 
significance for MutY/MYH to bind T/GO, G/GO, and 
C/GO requires further investigation. There may be some 
catalytic and binding substrates that remain to be identified.  

 
S. pombe and mouse have provided good models 

to study MYH repair through knockout cells and animals. 
However, the tumor type developed in the Myh and Ogg1 
double knockout mice is different from that found in 
human MAP with colon cancer.  There are also conflicting 
results regarding the biological significance of the 
interaction of MYH and PCNA in S. pombe and mouse 
systems. The interaction is shown to be important in S. 
pombe (31), but is found insignificant in mouse cells  (130). 
The roles of RPA, MutS homologs, and perhaps other 
replication proteins in directing MYH repair to the newly 
synthesized strand are worth investigating in both systems. 
Although POLdelta/epsilon have been implicated to carry 
out the repair synthesis in the MYH BER pathway, no 
physical interaction between hMYH and DNA polymerases 
beta and delta is detected. The involvement of other 
transletion DNA polymerases cannot be ruled out. 

 
MYH has been shown to physically interact with 

many proteins involved in BER, MMR, replication, and 
checkpoint control.  The in vitro and in vivo activities of 
MYH can be modulated by APE1, PCNA, and 
MSH2/MSH6. Some of these interacting proteins may be 
involved to facilitate the turnover of MYH from AP/GO 
products. A defect in these interactions may contribute to 
the cause of MAP. Unfortunately, biochemical analyses of 
mutant MYH proteins associated with MAP are limited and 
none has been identified to defect in such protein-protein 
interactions.  It is also possible that  damage recognition 
involves a large complex, such as the BRCA1-associated 
genome surveillance complex (BASC), which contains 



MutY and MutY homologs   

3074 

DNA repair, checkpoint, and replication proteins, including 
BRCA1, MSH2, MSH6, MLH1, ATM, RAD50, and RFC 
(168).  DNA damage response may be coordinated with 
ongoing DNA repair.  
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