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Abstract 

Title of Dissertation: MutY Homologue is a Caretaker Gene and an Adaptor of the DNA-

Damage Response Pathway: Transient Multiprotein-DNA Complexes Lead the Way 

during Base Excision Repair 

 

Paz Joan Luncsford, Doctor of Philosophy, 2012 

 

Dissertation Directed by: Eric A. Toth, Assistant Professor, Department of Biochemistry 

and Molecular Biology 

 

 

MutY homologue (MYH), a base excision repair (BER) glycosylase, initiates 

repair of one of the most common oxidative DNA lesions, 7,8-dihydro-8-oxoguanine (8-

oxoG).  Specifically, MYH excises adenine bases that are frequently misincorporated 

opposite 8-oxoG during DNA replication, thereby preventing G:C  T:A mutations.  

Importantly, biallelic mutations in MYH were recently linked to an inherited colorectal 

cancer syndrome, MYH-associated polyposis, marking the first known causal 

relationship between a BER defect and cancer.  Examination of the genetic pathway to 

tumorigenesis revealed that defective MYH allows downstream mutations in tumor 

suppressors and oncogenes to go unrepaired.   

Research on MYH has largely focused on the catalytic mechanism by which 

MYH repairs DNA.  However, MYH has also been proposed to act as an adaptor protein 

in the DNA damage response pathway mediating signals of DNA damage to sensor 

proteins, such as the Rad9-Rad1-Hus1 (9-1-1) complex, which then transduce signals to 

effector proteins to commence DNA repair, cell cycle arrest, or apoptosis.   

Our laboratory is interested in the protein-protein interactions that link MYH to 

the DNA damage checkpoint response pathway.  Our x-ray crystallography structure of 

the catalytic domain and interdomain connector (IDC) of human MYH reveals that the 



 

 

IDC forms a docking scaffold to facilitate transient protein interactions with the essential 

BER enzyme, AP endonuclease 1 (APE1), and 9-1-1.  Although APE1 and 9-1-1 both 

bind to the IDC of hMYH, their interactions are different; a single point mutation of a 

conserved residue in the IDC attenuates the MYH/9-1-1 interaction but has no effect on 

the APE1 interaction.  Finally, we demonstrate that disruption of the MYH/9-1-1 

interaction diminishes repair of oxidative damage both in vitro and in vivo.   

Via nuclear magnetic resonance titration experiments, we show that MYH binds 

to the DNA-binding site of APE1, suggesting a direct handoff of BER DNA 

intermediates between the two enzymes.  Unexpectedly, 9-1-1 stabilizes the MYH/APE1 

interaction, and we propose that 9-1-1 assembles MYH and APE1 into a multiprotein 

complex on DNA lesions to enhance the efficiency of BER.  Our research shows that the 

IDC of hMYH mediates essential interactions with 9-1-1 and APE1 in oxidative DNA 

damage repair. 
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Chapter 1: Introduction___________________________________________________ 

 

1.1 MYH is a key player in oxidative DNA damage repair  

 The genome is vulnerable to DNA-damaging agents of both endogenous and 

environmental origin.  DNA oxidation can occur during cellular processes such as 

respiration and inflammation.  Environmental toxins, such as transition metals, free 

radicals, ionizing radiation, cigarette smoke, and other chemical compounds (e.g. 

benzo[α]pyrene found in car exhaust and charbroiled foods) also produce harmful 

reactive oxygen species (ROS).  Oxidative DNA damage plays a major role in causing 

mutagenesis, carcinogenesis, neurological diseases, and aging.  Guanine (G) is very 

susceptible to oxidation and can be converted into 7,8-dihydro-8-oxoguanine (8-oxoG), 

one of the most prevalent and deleterious products of oxidative DNA damage.  Oxidative 

stress is estimated to create 10
3
 and 10

5
 8-oxoG lesions per cell per day in normal and 

cancerous tissues, respectively
1
.  Importantly, 8-oxoG is particularly dangerous because 

of its preference to mispair with adenine (A) rather than cytosine (C) during DNA 

replication
2-4

.  MutY Homologue (MYH) has the important task of removing such 

misincorporated adenines to prevent the mutagenic effects of its replication (i.e. G:C  

T:A transversion mutations).  This section will discuss the complex network of processes 

that exists to repair 8-oxoG lesions and will specifically highlight the involvement of 

MYH, the focus of this thesis. 

1.1.1 The prevalent 8-oxoguanine predicament  

Cellular antioxidant systems protect DNA from reactive oxygen species.   

During normal aerobic respiration, molecular oxygen (O2) is sequentially reduced 

to produce water (H2O)
5
.  Toxic reactive oxygen intermediates are also formed during 
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this process.  At least 1% of the oxygen that passes through the respiratory chain is 

reportedly reduced to superoxide radical (O2
-
·) by a single electron transfer reaction

1
.  

With the transfer of a second electron, the antioxidant enzyme, superoxide dismutase 

(SOD), can convert O2
-
· into hydrogen peroxide (H2O2)

5
.  H2O2 is also formed as a by-

product of the degradation of fatty acids and other molecules in peroxisomes.  In the 

presence of transition metal ions such as iron or copper, H2O2 can be converted to the 

very reactive hydroxyl radical (·OH) via the Fenton reaction.   

Without neutralization of such intermediates, biomolecules including DNA bases, 

proteins, and lipids can be oxidatively damaged.  Non-enzymatic free radical scavengers 

and antioxidant enzymes provide the first line of defense against ROS and reactive 

nitrogen species.  Peroxisomes limit cytoplasmic H2O2 by sequestering enzymes that 

produce H2O2.  Non-enzymatic scavengers such as glutathione (GSH) and dietary β-

carotene, flavonoids, and vitamins C and E also protect against free radicals.  

Furthermore, the antioxidant enzyme, catalase (CAT), degrades H2O2 to H2O and O2.  

Additional antioxidant enzymes include glutathione-S-transferases, glutathione 

peroxidase (GPx), and glutathione reductase.    

ROS have widely been implicated in aging and diseases such as cancer, 

neurodegenerative disease, and cardiovascular disease.  However, it has also been 

proposed that the aforementioned antioxidant scavengers and enzymes, along with DNA 

repair pathways, are sufficient to keep oxidative damage levels in check.  Nevertheless, 

deficiency in any of these repair mechanisms would be expected to pose a significant 

mutagenic threat.  Such is the case with MYH-deficiency causing a colorectal cancer 

predisposition, discussed in section 1.2 below.   
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Guanine is susceptible to oxidation.  Although antioxidant mechanisms are in 

place, antioxidant enzymes and scavengers are not foolproof and ROS can cause 

oxidative damage to DNA and other biomolecules.  Of all four DNA nucleobases, 

guanine is the most susceptible to oxidation because it has the lowest redox potential
6, 7

.  

8-oxoG is a major oxidative lesion of guanine and is the most abundant oxidative lesion 

found in the genome
8
.  Although 8-oxoG is minimally cytotoxic itself

9
, its replication is 

mutagenic (further discussed below).  8-oxoG has an even lower redox potential than 

guanine and is therefore susceptible to further oxidation
6
.  8-oxoG can be oxidized to 

other mutagenic base lesions which is reviewed in Neeley et al
6
. 

The formation and stability of 8-oxoG/A DNA mispairs. While mechanisms 

are in place to repair 8-oxoG lesions, the risk of creating persistent and stable genomic 

mutations increases if replication occurs before its repair.  The first problem is 

encountered during DNA replication when replicative polymerases preferentially create 

8-oxoG/A
1
 mispairs rather than preserving the genetic code with insertion of 

deoxycytosine monophosphate (dCMP) opposite 8-oxoG.  The major eukaryotic 

replicative DNA polymerases, polymerase α (pol α) and polymerase δ (pol δ), insert 

deoxyadenosine monophosphate (dAMP) opposite 8-oxoG 200 and 5 times more 

frequently than dCMP, respectively, in in vitro experiments
4
.  

The prevalence of 8-oxoG is additionally attributed to its ability to mimic thymine 

(T) in an 8-oxoG/A DNA mispair (Figure 1.1) thereby evading mismatch recognition and 

repair by replicative DNA polymerases
10

.  Hsu et al. solved X-ray crystal structures of a 

DNA polymerase I fragment from Bacillus stearothermophilus (BF) with several double-

                                                 
1
 8-oxoG is written first to designate that 8-oxoG is the base in the parental DNA strand while A is in the 

daughter DNA strand.  This convention will be used throughout this dissertation. 
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stranded DNA (dsDNA) oligonucleotides to elucidate why replicative polymerases often 

misincorporate dAMP opposite 8-oxoG lesions
10

.  Steady-state kinetic parameters of BF 

were first determined to confirm that it behaves analogously to the eukaryotic replicative 

polymerases, pol α and pol δ.  Furthermore, dATP insertion is nine-fold more efficient 

than dCTP insertion opposite 8-oxoG, for BF while, in undamaged DNA, dCTP insertion 

opposite guanine is 10
6
-fold more efficient than dATP misincorporation.   

Normally, guanine exists in an anti conformation to form three hydrogen bonds 

with cytosine in a Watson-Crick G:C DNA base pair.  While 8-oxoG also exists in an 

anti conformation to pair with cytosine, 8-oxoG/C base pairs induce sugar and base 

alterations in template DNA, cause distortions in the active site of replicative DNA 

polymerases, and are thereby recognized by such polymerases as mispairs
10

 (Figure 1.1).  

Intriguingly, the structural data from Hsu’s group shows that 8-oxoG also can adopt a syn 

conformation to form two hydrogen bonds with adenine in a Hoogsteen DNA mispair
10

.  

In the Hoogsteen base pair arrangement, the 8-oxoG/A mispair does not cause alterations 

in template DNA and furthermore does not disrupt the active site of replicative 

polymerases.  In fact, replicative polymerases bypass 8-oxoG/A mispairs because they 

resemble the shape and geometry of a Watson-Crick T:A DNA base pair. 

While replicative DNA polymerases have been shown to preferentially 

misincorporate adenine opposite 8-oxoG lesions, DNA polymerase β (pol β), a repair 

polymerase utilized in single nucleotide BER (SN-BER)
11, 12

 and implicated in long patch 

BER (LP-BER) as well
13-15

, is four times more likely to insert dCMP rather than dAMP 

opposite 8-oxoG
4
.  As pol β may be used during LP-BER, its propensity to insert dCMP 

opposite 8-oxoG is not unexpected; excising dAMPs and repairing 8-oxoG/A mispairs 



5 

 

 

 

with MYH-mediated BER would be otherwise futile.  SN-BER and LP-BER will be 

discussed further in section 1.1.5.        

 

Figure 1.1: 

 

 

 

1.1.2 The 8-oxoG repair pathway 

The bacterial MutM, MutY, and MutT repair proteins (and homologous enzymes) 

constitute the 8-oxoG repair system
16, 17

 (Figure 2.2).  While MutM and MutY are BER 

glycosylases, MutT functions as a nucleoside pyrophosphohydrolase.  Corresponding 

enzymes for all three of these proteins have been discovered in humans (hOGG1, hMYH, 

and hMTH1, respectively) and other eukaryotic species as well (Table A1.1). 

MutM and MutY: base excision repair glycosylases.  If guanines are oxidized 

to 8-oxoG in DNA, MutM (also known as Fpg protein) can remove parental-strand 8-

oxoG lesions opposite cytosine.  Problematically, DNA replication often occurs before 8-

oxoG is repaired, and dATP is mispaired with the base lesion.  MutY has the important 

Figure 1.1: 8-oxoG mimics thymine in 8-oxoG/A mispairs.  Normally, guanine exists in an anti 

conformation to form three hydrogen bonds with cytosine in an Watson-Crick G:C DNA base pair.  

However, 8-oxoG can assume a syn conformation, resembling thymine and causing the formation of 8-

oxoG/A mispairs.  When guanine mispairs with adenine, it has been reported to assume a syn conformation 

(shown here) or an anti conformation. 
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task of removing such misincorporated adenines to prevent the mutagenic effects of its 

replication (i.e. G:C  T:A transversion mutations).   

MutM was discovered as an 8-oxoG glycosylase based on its ability to remove 8-

oxoG lesions from DNA in E. coli
18

.  MutM is identical to Fpg protein, which was earlier 

characterized as a glycosylase with activity on formamidopyrimidine adducts
19

.  Of note, 

8-oxoG lesions and formamidopyrimidine adducts, which result from the opening of the 

imidazole ring in purines, can both be generated by oxidative DNA damage
20

.  MutY was 

determined to be an adenine glycosylase with specificity for adenines in G/A mispairs
21, 

22
 and 8-oxoG/A mispairs

16
.  The coordinated efforts of MutM and MutY to repair 8-

oxoG lesions was first described when an Escherichia coli (E. coli) cell line lacking 

active MutY protein was found to have elevated rates of G:C  T:A transversion 

mutations
16

.  Interestingly, the mutator phenotype was fully complemented with 

overexpression of MutM protein.  Furthermore, a mutYmutM double mutant cell line had 

a 20-fold higher rate of G:C  T:A transversion mutations than either mutant alone. 

MutT: the 8-oxo-dGTP sanitizer of the nucleotide precursor pool.  MutT also 

plays an important role in repairing 8-oxoG lesions.  MutT prevents incorporation of 8-

oxoG into DNA by hydrolyzing 8-oxodeoxyguanosine triphosphate (8-oxo-dGTP) in the 

nucleotide precursor pool to 8-oxodeoxyguanosine monophosphate (8-oxo-dGMP) and 

inorganic phosphate (Pi)
3, 17, 23

.  The significance of MutT was first exemplified when an 

E. coli strain with mutated MutT (mutT) was found to have 100 to 10,000 fold higher 

levels of A:T  C:G transversion mutations than wild type strains
24

.  Further clues about 

the mechanism of action of MutT were revealed when A/G rather than T/C mispairs were 

found responsible for the transversion mutations
25

 and DNA replication was shown as 
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essential to express the mutT mutator phenotype
26

.  However, MutT does not associate 

directly with proteins involved with DNA replication
27

.  MutT was shown to be a 

nucleoside triphosphatase with preferential activity on dGTP substrates
28

, and was found 

to be three times more enzymatically active on 8-oxo-dGTP than on dGTP
23

.  These 

findings, along with studies on 8-oxo-dGTP misincorporation during DNA synthesis
17, 23

, 

point to 8-oxo-dGTP as the primary, biologically-relevant substrate of MutT.       

 

Figure 1.2: 

  

Figure 1.2: The 8-oxoG repair system.  8-oxoG lesions are repaird by the 8-oxoG repair system which 

involves three essential enzymes.  MutM (hOGG1 in humans) replaces 8-oxoG bases in 8-oxoG:C pairs 

with guanine.  MutY (hMYH in humans) excises adenines that have been misincorporated opposite 8-

oxoG.  MutT (hMTH1 in humans, not shown here) is a sanitizer of the nucleotide precursor pool and 

hydrolyzes 8-oxo-dGTP to 8-oxo-dGMP to prevent its incorporation into DNA during DNA replication. 
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1.1.3 The repair of 8-oxoG lesions by the mismatch repair pathway 

While MutT, MutM, and MutY are classically described as the central enzymes 

involved with 8-oxoG repair, other proteins are directly involved as well.  Of particular 

interest, researchers have sought to understand how daughter-strand 8-oxoG lesions are 

repaired opposite adenine in situations where MutT and homologous enzymes (e.g. 

hMTH1) fail to completely eliminate 8-oxoG from the nucleotide precursor pool.  There 

is mounting evidence that mismatch repair (MMR) is linked with repair of 8-oxoG 

lesions in both daughter- and parental-strand DNA. 

Mismatch repair.  MMR is normally involved with the repair of misinserted 

bases on daughter strand DNA and, the removal of insertion-deletion loops (IDLs)
29, 30

 

which are commonly due to microsatellite DNA replication errors
31

.  As summarized by 

Lu et al.
32

, MMR is also implicated in transcription-coupled repair (TCR), cell cycle 

arrest, and meiotic recombination in eukaryotes. 

In E. coli, the MMR enzyme, MutS, recognizes and binds to the base-base 

mismatches or IDLs to be repaired
33

.  E. coli MutS also has homologous enzymes in 

eukaryotic species (Table A1.1).  In eukaryotes, the MSH2/MSH6 (MutSα) heterodimer 

recognizes base-base mismatches and single-nucleotide IDLs to initiate MMR
32, 34, 35

.  

Meanwhile, the MSH2/MSH3 (MutSβ) heterodimer recognizes single-nucleotide- as well 

as longer nucleotide IDLs
32, 34, 35

.  Of note, the MSH2/MSH6 heterodimer, but not the 

MSH2/MSH3 heterodimer, is involved with 8-oxoG repair
35, 36

.  After the initial 

recognition of the base-base mismatches or IDLs, a second heterodimeric complex of 

hMLH1 and hPMS2 is recruited to signal for excision of the damaged nucleotides
37

.   
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MutS-dependent repair of 8-oxoG in E. coli.  MMR has been suggested to 

repair daughter-strand 8-oxoG lesions opposite adenine, however the evidence in support 

of this model has been mixed.  In vitro, E. coli MutS was found to recognize 5-

formyluracil/G mispairs (fU/G), which mimic T/G mispairs
38, 39

.  5-formyluracil is a 

common methyl oxidation product of thymine, and guanine can be mutagenically 

misincorporated opposite it.  Researchers tested whether mutagenic, daughter-strand 8-

oxoG lesions opposite adenine might similarly be recognized by E. coli MutS.  However, 

A/8-oxoG mispairs had minimal affinity for MutS indicating that MutS did not have a 

role in repairing daughter-strand 8-oxoG
38, 39

.  

Conversely, in vivo experiments showed that E. coli MutS-dependent repair can 

correct 8-oxoG/A mispairs
33

.  Overexpression of MutS suppressed G:C  T:A 

transversion mutations in mutM and mutY cell lines although it could not suppress A:T  

C:G mutations in mutT cell lines.  Several explanations were offered.  First, it was 

proposed that MutS is more efficient at removing adenines in daughter strand DNA in 8-

oxoG/A mispairs (which often occur in mutM and mutY cell lines) than at removing 8-

oxoG in A/8-oxoG mispairs (which occur in mutT cell lines).  Secondly, it was suggested 

that MutY might be more efficient at excising parental-strand adenines in A/8-oxoG 

mispairs than MutS-dependent repair of 8-oxoG in daughter strand DNA.  In this 

situation, adenine excision by MutY would actually be mutagenic causing an A:T  C:G 

mutation fixation. 

 In summary, neither in vitro nor in vivo experiments indicate that E. coli MutS is 

involved with repair of daughter-strand 8-oxoG lesions in A/8-oxoG mispairs.  At most, 
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E. coli MutS may be involved with the repair of misincorporated, daughter-strand 

adenines opposite 8-oxoG.   

MSH2/MSH6-dependent repair in S. cerevisiae.  The Saccharomyces 

cerevisiae (S. cerevisiae) MSH2/MSH6 heterodimer, MutS homologue proteins, serves a 

more prominent function in 8-oxoG repair.  Mutations in MSH2 or MSH6 caused a 

synergistic increase in G:C  T:A transversion mutations in a S. cerevisiae cell line 

expressing defective oxoguanine glycosylase 1 (OGG1), the MutM homolog.  

Furthermore, MSH2/MSH6 binds 8-oxoG/A mispairs with high affinity and specificity.  

Based on these findings, it was concluded that MSH2/MSH6 is required for the repair of 

misincorporated adenine in 8-oxoG/A mispairs in S. cerevisiae
36

.  Of note, although 

MSH2/MSH6-dependent MMR is essential for 8-oxoG repair in S. cerevisiae, the 

importance of MSH2/MSH6-dependent MMR in other eukaryotes is likely not 

analogous.  S. cerevisiae does not have MutT or MutY homologues, unlike other 

eukaryotic species
32

.  While MSH2/MSH6-dependent repair is presumably the primary 

mechanism in S. cerevisiae by which misincorporated adenines are repaired in 8-oxoG/A 

mispairs, other eukaryotes rely on MutY homologues as the major enzyme to carry out 

this task instead. 

The repair of 8-oxoG lesions by MMR in mammals.  Other studies have 

examined the role of MMR enzymes in repairing oxidative damage in mammalian 

species.  Mouse embryonic stem cells with defective MSH2 were found to accumulate 

oxidized bases after exposure to low doses of ionizing radiation
40

.  Furthermore, 

embryonic stem cells from Msh2
+/-

 and Msh2
-/-

 mice had enhanced survival compared to 

cells from wild type (WT) mice after exposure to the promutagenic radiation.  These 
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findings not only implicate murine MSH2 in repairing oxidative DNA lesions, but it also 

provides evidence that mutations in MMR enzymes contribute to oncogenesis with a 

failure to initiate apoptosis after radiation exposure.       

In humans, hMSH2/hMSH6 heterodimers recognize and are activated by DNA 

mispairs containing 8-oxoG lesions
35

.  hMSH2/hMSH6 binds oligonucleotides with G/T, 

8-oxoG/T, G/G or 8-oxoG/G mispairs to the greatest extent.  hMSH2/hMSH6 has about 

ten-fold less affinity for oligonucleotides containing G/A or 8-oxoG/A mispairs.  

However, hMSH2/hMSH6 has even less affinity for homoduplex DNA containing G:C or 

8-oxoG:C pairs; the affinity is less than half that seen with G/A or 8-oxoG/A mispairs.  

This data is aligned with previous in vivo studies using Simian cells
41

 and in vitro 

experiments using HeLa cells
42

, which showed that G/T and G/G mispairs are more 

efficiently repaired than G/A mispairs.   

While evidence was growing to support the model that MMR is involved with 

oxidative DNA damage repair, Gu et al. showed that the BER glycosylase, hMYH, 

physically interacts with the hMSH2/hMSH6 heterodimer via the hMSH6 subunit
43

.  This 

was the first indication that BER and MMR, two separate DNA repair pathways, are 

coordinated through protein-protein interactions to repair oxidized bases, and errors 

caused by replication of such bases.  The hMYH-hMSH2/hMSH6 protein-protein 

interaction will be discussed in further detail in section 1.4.2. 

1.1.4 8-oxoG repair with Endonucleases III and VIII, and homologous enzymes 

It remains controversial whether Endonuclease VIII (Endo VIII or Nei 

glycosylase) and Nei-like glycosylases might also excise 8-oxoGs in daughter-strand 

DNA
3, 44

.  Here, I will review studies on these glycosylases and the potential roles they 
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have in oxidative damage repair.  Endonuclease III (Endo III or Nth protein) shares some 

substrate specificity with Endo VIII and will be discussed as well.   

Endonuclease III and Endonuclease VIII in E. coli.  Endo III and Endo VIII 

are are usually involved with the repair of oxidized pyrimidines
45

, rather than oxidized 

purines such as 8-oxoG.  While Endo III and Endo VIII have some overlapping substrate 

specificity, they share no sequence homology
44, 46

.  Rather, Endo VIII shares sequence 

and functional homology with MutM
46

.   

With sequence homology to MutM, it is not surprising that Endo VIII was also 

reported to have activity on oxidized purines and a role in repairing 8-oxoG lesions in 

G/8-oxoG, A/8-oxoG, and C/8-oxoG mispairs
44

.  However, Blaisdell et al.
47

 reported 

slightly different findings indicating that Endo VIII has only a modest and indirect role in 

8-oxoG repair.  In cells containing both fpg- and mutY- mutations, the nei mutation 

increased the G:C  T:A transversion mutation frequency (1.8 : 1), suggesting synergy 

between Endo VIII, Fpg, and MutY in 8-oxoG repair.  However, Endo VIII does not have 

a primary role in 8-oxoG repair as there is no increase in G:C  TA transversions in nei 

mutant cell lines alone.  Furthermore, Endo VIII was unable to excise 8-oxoG lesions 

from A/8-oxoG mispairs in vitro.  Blaisdell et al. concluded that Endo VIII does not 

specifically repair 8-oxoG, but rather coincidentally might repair such lesions while 

scanning DNA to carry out its normal function of repairing oxidized pyrimidines. 

Ntg1, the Endonuclease III orthologue, in S. cerevisiae.  At least two enzymes 

exist in S. cerevisiae which possess 8-oxoG-specific glycosylase- and lyase activities
48, 49

.  

de Oliveira et al. (of the Boiteux laboratory) was the first group to report on the co-

purification of an S. cerevisiae formamidopyrimidine (Fapy) DNA glycosylase and, an 8-
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oxoG repair enzyme with slightly greater activity on 8-oxoG paired with guanine or 

adenine versus with cytosine or thymine
48

.  Although only one enzyme was postulated to 

be responsible for both of these repair activities, the Boiteux research group later cloned 

S. cerevisiae OGG1 which is a DNA glycosylase that excises Fapy as well as 8-oxoG 

mispaired with cytosine and to a lesser extent thymine, but not adenine.  Therefore, de 

Oliveira et al.’s earlier co-purification of a Fapy DNA glycosylase (OGG1) and an 8-

oxoG repair enzyme (later identified as OGG2) was actually of two distinct enzymes.   

A separate research group, Nash et al., also identified two enzymes with affinity 

for DNA oligonucleotides with a centrally-located 8-oxoG:C pair; using borohydride-

trapping assays, two protein-DNA complexes were trapped from S. cerevisiae cell 

extracts
49

.  One of the proteins was confirmed to be OGG1 with preferential affinity for 

8-oxoG:C pairs, and to a slightly lesser extent 8-oxoG/T mispairs.  Homologous 

recombination was used to knock-out OGG1 in S. cerevisiae, leaving behind the second 

8-oxoG glycosylase provisionally named OGG2.  Interestingly, OGG2 was found to 

preferentially bind to 8-oxoG mispaired with guanine or adenine, rather than pyrimidines 

as observed with OGG1
49

.    

Finally, Bruner et al. reported that OGG2 and Ntg1, a thymine glycol (Tg) 

glycosylase, are the same enzyme
50

.  In conclusion, S. cerevisiae contains two 8-oxoG 

glycosylases.  OGG1 excises formamidopyrimidines, as well as 8-oxoG paired with 

cytosine (or thymine to a lesser extent.)  Ntg1, previously referred to as OGG2, is an 

Endo III orthologue that can excise Tg from DNA, as well as 8-oxoG that is mispaired 

with guanine or adenine.  As S. cerevisiae does not have any MutT or MutY homologues, 

this eukaryotic species utilizes an alternative pathway for 8-oxoG repair
50

, different from 
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what is observed in E. coli, other lower eukaryotic species (e.g. Schizosaccharomyces 

pombe), and mammalian species.  In addition to OGG1, S. cerevisiae relies on Ntg1 and 

MMR (see section 1.1.4) for its unique 8-oxoG repair system. 

Nei-like glycosylases and NTH1 in mammals.  Three enzymes that share 

homology with bacterial Nei glycosylase have been identified in humans
51-54

.  Although 

these Nei-like glycosylases (NEIL1, NEIL2, NEIL3) have conserved sequences that are 

found in the catalytic and DNA-binding domains of E. coli Nei and Fpg glycosylases, 

they share only weak homology with each other
51-53

.   

The substrate specificity of NEIL1 overlaps that of NTH1
55

 as they both 

recognize Tg and 5-hydroxyuracil (OHU)
54

.  However, NEIL1 also recognizes and 

catalyzes the removal of 8-oxoG
52, 53

 while NTH1 does not.  More specifically, NEIL1 is 

most effective at 8-oxoG removal from an 8-oxoG:G pair followed by from an 8-oxoG/T 

pair
52

.  Only weak 8-oxoG excision activity was observed for 8-oxoG/A or 8-oxoG:C 

pairs
52

.  Additionally, NEIL1 can excise oxidized pyrimidine lesions from damaged 

DNA
52

.  The expression levels of NEIL1 RNA and protein are both increased during the 

Synthesis phase of the cell cycle, and therefore it was suggested that NEIL1 is 

specifically involved with replication-associated repair.     

NEIL2 has negligible activity on many of the substrates recognized by NEIL1, 

such as 8-oxoG and Tg.  Instead, NEIL2 is primarily involved with catalyzing the 

removal of oxidized pyrimidines, particularly ROS-generated cytosine derivatives
56

.  In 

fibroblasts, NEIL2 expression does not seem to be effected by the phase of the cell cycle, 

and therefore it is hypothesized that NEIL2 is involved with global repair of the genome, 

rather than just during replication.   



15 

 

 

 

NEIL3 is less characterized than NEIL1 and NEIL2 although Takao et al.
54

 

recently completed structural modeling to test the validity of NEIL3 as a DNA 

glycosylase and furthermore tested its substrate specificity.  NEIL3 has an N-terminal 

glycosylase domain containing helix-two-turn-helix and zinc finger motifs that are 

characteristic of the Fpg-Nei glycosylase family
57

.  NEIL3 also has a unique C-terminal 

domain with unknown function.  Despite containing a glycosylase domain, NEIL3 was 

unable to cleave 8-oxoG, Tg, and more than twenty other test oligonucleotides with 

single modified bases.  Both single-stranded and double-stranded oligonucleotides were 

tested, and the only repair activity that NEIL3 has is lyase activity at 

apurinic/apyrimidinic (AP) sites in single-stranded DNA (ssDNA).   Interestingly, Dou et 

al.
58

 reported that NEIL1 and NEIL2 can also excise oxidative-damaged bases from both 

ssDNA and double-stranded DNA (dsDNA).  A separate group found that human NEIL3 

expressed in insect cells is involved with Fapy repair in vivo; but unexpectedly, 

recombinant human NEIL3 purified from E. coli was unable to carry out Fapy repair in 

vitro.  It was hypothesized that in vivo modifications are required for NEIL3 activity.  

Finally, NEIL3 was able to partially protect an E. coli nth nei mutant from oxidative 

stress.  Thus, the role of NEIL3 as a glycosylase remains largely unknown, although it 

has been implicated in oxidative DNA repair and repair of base loss in ssDNA. 

Similar to the relationship between E. coli Endo III (Nth) and Endo VIII (Nei), 

NTH1 and NEIL1 have overlapping substrate specificity but are structurally distinct.  An 

Nth homolog, mNTH1, excises Tg and urea from DNA.  However, disruption of mNTH1 

in mice showed no apparent phenotypic abnormalities, clueing researchers into the 

presence of a backup glycosylase for NTH1.  NEIL1 was discovered to be this enzyme
59

.  
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Human NTH1, also a homolog of E. coli Endo III, specifically cleaves oxidized 

pyrimidines including Tg and DHU
55

.   

In summary, E. coli Endo III (Nth) and mammalian NTH1 and OGG1 are 

structurally similar and belong to the same superfamily of glycosylases.  However, 

OGG1 and NTH1 are functionally distinct as NTH1 has no role in the repair of 8-oxoG 

lesions.  Alternatively, OGG1 and MutM have no structural similarities but are 

functionally related as they both repair 8-oxoG lesions in 8-oxoG:C pairs in mammals 

and E. coli, respectively.  Interestingly, MutM and Endo VIII (Nei) have sequence 

homology and carry out glycosylase activity by similar catalytic mechanisms; however 

MutM excises damaged purines while Endo VIII excises oxidized pyrimidines.  

1.1.5 Protection against oxidative lesions with base excision repair 

Multiple DNA repair pathways are coordinated to maintain genomic integrity; 

however, damage caused by endogenous substances is usually repaired by BER.  BER is 

responsible for repairing single base modifications that have resulted from intracellular 

processes involving oxidation, deamination, and alkylation
3, 8

.  Damage-specific DNA 

glycosylases initiate BER by cleaving the N-glycosidic bond that connects the target base 

to the sugar-phosphate backbone.  To date, 11 mammalian BER glycosylases have been 

identified
9
 (Table 1.1).  After a DNA glycosylase removes the damaged base, one of two 

BER subpathways ensues to further process the damaged site.  Single-nucleotide BER 

(SN-BER) can be initiated by monofunctional- and two types of bifunctional-

glycosylases, and ultimately involves a single-nucleotide repair patch (Figure 1.3).  

Alternatively, long-patch BER (LP-BER) begins with removal of the damaged base by a 

monofunctional glycosylase and involves a repair patch that is about 2 – 13 nucleotides 
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long (Figure 1.3).   Single-strand break repair (SSBR), nucleotide incision repair (NIR), 

and NEIL-initiated repair are variations of BER that are reviewed elsewhere
60

.  

 

Table 1.1: 

Monofunctional Bifunctional with β-

elimination activity 

Bifunctional with β/δ-

elimination activity 

UNG 

SMUG1 

TDG 

MBD4 

MPG (AAG) 

MYH 

OGG1 

NTH1 

NEIL3 

NEIL1 

NEIL2 

 

 

 

 

 

 

SN-BER initiated by monofunctional glycosylases.  The majority of BER is 

thought to occur via the SN-BER subpathway
60

.  Lesion recognition and removal of the 

damaged base is initiated by either a monofunctional glycosylase, such as TDG
9
, or a 

bifunctional glycosylase, such as OGG1
49

.  If lesion repair is carried out by a 

monofunctional glycosylase, the N-glycosidic bond between the damaged base and 

deoxyribose group is cleaved
61

.  While the DNA backbone remains intact, the damaged 

base is removed creating an apurinic/apyrimidinic (AP) site.  The next enzyme in the 

BER pathway, AP Endonuclease 1 (APE1), further processes the damaged DNA with 

hydrolysis of the DNA backbone 5’ to the abasic site
62

.  A 3’-hydroxyl (3’-OH) group 

and a 5’-deoxyribosephosphate (5’-dRP) moiety remain at the site of incision
63

.  Pol β 

has deoxyribose-phosphatase activity and removes the 5'-dRP group via a β-elimination 

Table 1.1: Mammalian DNA glycosylases.  There are currently 11 known mammalian DNA glycosylases.  

Monofunctional glycosylases excise damaged bases from DNA leaving apurinic/apyrimidinic (AP) sites in 

the DNA.  Bifunctional glycosylases possess AP-lyase and β-elimination activity.  After base excision they 

nick the DNA backbone 3’ to the AP site and leave a Schiff Base intermediate.  Some bifunctional 

glycosylases possess δ-elimination activity as well and following Schiff Base formation, they cleave DNA 

5’ of the AP site causing its release. 
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reaction
64

 before carrying out synthesis of a single nucleotide to repair the gap.  Finally, a 

complex of DNA Ligase IIIα (LigIIIα) and the scaffold protein X-ray repair cross-

complementing protein 1 (XRCC1) ligate the DNA strand to complete repair.   

SN-BER initiated by bifunctional glycosylases with β-elimination activity.  

Alternatively, lesion repair can be initiated with bifunctional glycosylases which have 

both glycosylase and AP lyase activities.  After excision of the damaged base, 

bifunctional glycosylases can nick the DNA sugar-phosphate backbone 3’ to the excised 

base and subsequently carry out β-elimination leaving behind a 3’-α,β-unsaturated 

aldehyde and a 5’-phosphate group
60

.  APE1 possesses 3’-phosphodiesterase activity 

which further processes the damaged site leaving behind a 3’-OH group.  At this point, 

the DNA gap is primed for Pol β, LigIIIα, and XRCC1 to complete repair. 

Of note, the physiological significance of the AP lyase activity of some the 

bifunctional glycosylases is questionable.  The 3’-lyase activity of bifunctional 

glycosylases can be trumped by the lyase activity of APE1.  First of all, the binding 

affinity of glycosylases for AP-site DNA is important in determining whether or not the 

glycosylase also cleaves the DNA backbone
60

.  For example, APE1 competes with NTH1 

for binding to DNA with an AP-site and thereby effectively attenuates NTH1-lyase 

activity on the substrate.  In fact, in the presence of APE1, AP-lyase activity by NTH1 is 

circumvented and preferentially carried out by APE1 instead as evidenced by the 

presence of the 5’dRP moiety that results from APE1 endonuclease activity and the 

absence of the NTH1 3’-elimination products
65

.   

The AP-lyase activity of OGG1 is also reportedly suppressed in the presence of 

APE1
66

.  OGG1 forms a very stable complex with the DNA product it forms via its 3’-
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AP-lyase activity.  Thus, DNA-product release would likely be a rate-limiting step for 

OGG1.  However, in the presence of APE1, the AP-lyase activity of OGG1 is likely 

bypassed altogether.  APE1 stimulates OGG1 glycosylase activity, but not its 3’-lyase 

activity.  The proposed model suggests that APE1 promotes the enzymatic turnover of 

OGG1 by binding to the AP-sites generated by OGG1 and disrupting the OGG1-DNA 

complex.  As AP-sites are very cytotoxic and potentially mutagenic, APE1 assumes the 

role from OGG1 of protecting and further processing the AP-sites.  Furthermore, 

although OGG1 forms a stable complex with its 3’-AP-lyase product, OGG1 binds to the 

APE1-strand-incision-product with lower affinity than to the AP-site it initially creates.  

Therefore, OGG1 enzymatic turnover should not be inhibited by re-associating with the 

nicked DNA product created by APE1
66

.  Finally, APE1 has been shown to be more 

effective at nicking DNA 5’ of AP-sites rather than processing the 3’-β-elimination 

products of bifunctional glycosylases
60

.  As APE1 is generally present in abundance in 

vivo, the AP-lyase and β-elimination activities of some bifunctional glycosylases may 

actually be uncommon physiological phenomena.   

Additionally worth mentioning, EcMutY also has weak AP-lyase activity
67, 68

.  

Similar to Endo III, which has known glycosylase and AP-lyase β-elimination activity, 

EcMutY and hMYH both possess iron-sulfur ([4Fe-4S]) clusters and helix-hairpin-helix 

(HhH) structural motifs
32

.  The structural similarities to Endo III further substantiates that 

EcMutY would likely possess AP-lyase activity.  However, the lyase activity of EcMutY 

is also about 10-fold less than that of its glycosylase activity and thus it remains 

controversial as to whether EcMutY operates as a true bifunctional glycosylase
68

.  This 
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mirrors the findings about the AP lyase activities of NTH1 and OGG1.  Thus, the AP 

lyase activitie of EcMutY might be minor.   

SN-BER initiated by glycosylases with β/δ-elimination activities.  Although all 

bifunctional glycosylases can carry out β-elimination, only some can carry out δ-

elimination as well.  For glycosylases with β/δ-elimination, δ-elimination ensues after β-

elimination.  After strand cleavage 3’ of the AP-site, β-elimination chemistry leaves a 3’-

α,β-unsaturated aldehyde and a 5’-phosphate group at the gap termini.  Via δ-elimination 

the DNA-backbone is then cleaved again, this time 5’ of the abasic site, releasing trans-4-

hydroxy-2,4-pentadienal
60, 69

.  As the 3’-phosphatase activity of APE1 is weak
60

, 

polynucleotide kinase phosphatase (PNKP) takes over instead to further process the 

DNA.  PNKP preps the DNA substrate for single-nucleotide synthesis by pol β, by 

removing the 3’phosphate at the gap.  Again, the LigIIIα-XRCC1 complex ligates the 

nicked DNA to finish the repair process.                 

The LP-BER subpathway.  LP-BER can be used to repair regular AP-sites as 

well as AP-sites that cannot be repaired via SN-BER
70

.  For example, AP-sites with 

oxidized or reduced sugars, and AP-sites with fragmented bases or sugars are not 

acceptable substrates for SN-BER and are only repaired by LP-BER
70

.  The LP-BER 

subpathway begins similarly to SN-BER.  A monofunctional glycosylase hydrolyzes the 

N-glycosidic bond between the modified base and sugar-phosphate backbone, creating an 

AP-site in the DNA.  APE1 incises the phosphodiester backbone 5’ to the AP-site and, a 

3’-OH group and a 5’-dRP group remain at the nicked site.  In SN-BER, the dRP-lyase 

activity of pol β would excise the dRP moiety to provide a suitable substrate for DNA 

synthesis.  However, it is unclear whether gap-tailoring
60

 by pol β actually occurs in LP-
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BER.  Overall, the basic model for LP-BER is that following strand incision by APE1, 

polymerases δ, ε, or β couple with proliferating cell nuclear antigen (PCNA) to carry out 

strand-displacement- DNA-synthesis of 2-13 nucleotides
60

.  PCNA promotes the 

processivity of DNA polymerases during replication or repair, and replication factor C 

(RFC) is also essential in LP-BER as the PCNA loading factor
71

.  RFC catalyzes the 

assembly of the homotrimeric PCNA DNA-sliding clamp to completely encircle template 

DNA.  During LP-BER DNA synthesis, a DNA flap of the displaced nucleotides 

develops.  Hence, DNA synthesis during LP-BER is referred to as “strand-displacement 

synthesis.”
72

  Flap endonuclease 1 (FEN-1) catalyzes the removal of the flap and then 

DNA Ligase 1 (Lig1) ligates the nicked DNA to restore the intact DNA strand.  

Effectively, the damaged AP-site is removed by FEN-1 in LP-BER, rather than by pol β 

(via its dRP-lyase activity) in SN-BER
70

.   

Although the basic steps of LP-BER have been established, many details about 

LP-BER are unresolved.  The first matter of contention is what determines whether repair 

proceeds via SN-BER or LP-BER.  In some cases, the answer to this is simple.  Fortini et 

al.
73

 claimed that for a given DNA lesion, the DNA glycosylase that is recruited to 

initiate its repair determines which subpathway of BER it utilized.  In essence, if a 

bifunctional glycosylase is recruited, SN-BER is favored.  The chemistry of β- and/or δ-

elimination associated with bifunctional glycosylases creates DNA-repair intermediates 

that are more favorably processed by SN-BER enzymes.  Alternatively, recruitment of a 

monofunctional glycosylase permits repair by either SN-BER or LP-BER.     

However, the question remains which subpathway of BER is selected when a 

monofunctional glycosylase is enlisted for repair.  Although the theories to explain this 
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are varied, the overall consensus is that LP-BER ensues when the lesion is refractory to 

repair by SN-BER.  A major cause of poor repair by SN-BER may be related to the slow 

catalytic rate of dRP lyase activity by pol β
74

.  AP-site BER was reconstituted in vitro 

with APE1, pol β, and DNA ligase 1 (Lig1).  The rate of the entire BER process, as well 

as the rates for the individual BER steps, were measured.  The dRP-lyase activity of pol β 

was found to be the rate-limiting step in BER.  This slow processing of nicked DNA by 

pol β has been suggested to play a potentially significant role in BER-subpathway 

selection
73, 74

; slow processing would allow LP-BER enzymes to compete for the 

opportunity to carry out repair instead.  Additional explanations have been offered as to 

why certain lesions may be resistant to repair by SN-BER.  The next section will address 

some of these ideas and will specifically focus on BER-subpathway selection by MYH.              

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

 

 

Figure 1.3: 

 

 

 

The particular case of MYH-initiated LP-BER.  MYH is a monofunctional 

glycosylase involved with oxidative DNA damage repair, excising adenines that have 

been misincorporated opposite 8-oxoG.  MYH also excises adenines from G/A or C/A 

mispairs; removes 2-hydroxyadenines opposite adenine, guanine, or 8-oxoG; and has 

weak activity for excising guanine from 8-oxoG/G mispairs
63

.  MYH is unique in that it 

recognizes 8-oxoG/A lesions, although it removes the undamaged adenine base.  The first 

enzymatic steps of MYH-initiated BER are completed as expected for repair commenced 

by a monofunctional glycosylase.  However, at the DNA synthesis step, MYH encounters 

an interesting problem that cannot be overcome by simple SN-BER.  As discussed in 

Figure 1.3: Single Nucleotide- and Long-Patch- Base Excision Repair.  Base excistion repair can 

proceed via a single-nucleotide (SN) patch or long-patch (LP) subpathway. 
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section 1.1.1, pol α and pol δ have a high propensity to insert adenine opposite 8-oxoG, 

which would render the repair process futile.  On the other hand, pol β is more likely to 

insert cytosine opposite 8-oxoG, although it does not select for cytosine-insertion 

exclusively.  Adding to the complications, both DNA Lig1 and DNA LigIIIα are 

inefficient at ligating a 3’-dC terminus when paired to 8-oxoG and, instead are much 

more effective at ligating a 3’-dA terminus opposite 8-oxoG
72

.  To further prove this 

point, Hashimoto et al. reconstituted SN-BER in vitro with duplex DNA containing an 8-

oxoG/A mispair, MYH, APE1, pol β, and LigIIIα/XRCC1.  Repair products only 

consisted of the 8-oxoG base mispaired with adenine.  Therefore, pol β-mediated SN-

BER was also proved futile for 8-oxoG/A mispairs, despite the preferential insertion of 

cytosine by pol β.  Hashimoto et al. proposed that since repair via SN-BER with pol δ or 

pol β is futile for the repair of 8-oxoG/A mispairs, repair must proceed by LP-BER.    

LP-BER has been reconstituted in vitro with six proteins: APE1, PCNA, 

replication factor C (RFC), pol δ or pol ε, FEN1, and DNA LigI
75, 76

.  LP-BER has also 

been shown to be stimulated by pol β and a ssDNA-binding protein, replication protein A 

(RPA)
14, 77, 78

.  MYH was shown to physically interact with some of these LP-BER 

enzymes in vivo by co-immunoprecipitation from HeLa nuclear extracts
13

.  Specifically, 

MYH associated with APE1, PCNA, and RPA.  The binding sites for these three proteins 

were additionally mapped out on MYH by testing the ability of a variety of MYH 

constructs immobilized on glutathione S-transferase beads to pull down the LP-BER 

enzymes.  Of note, MYH did not physically interact with either pol β or pol δ.  This last 

finding does not rule out either pol β or pol δ as the major polymerase involved with 
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MYH-mediated BER.  However, it does not implicate the involvement of one polymerase 

over the other, either.      

Evidence for pol δ/ε as the major polymerases in PCNA-dependent LP-BER.   

LP-BER can be completed in vitro with pol δ or pol ε, in association with PCNA.  

Because PCNA is essential for repair with either of these replicative polymerases, this 

mechanism is referred to as PCNA-dependent LP-BER
79

.  Without the presence of PCNA 

or RPA as auxiliary proteins, pol δ is two
80

 to five
4
 times more likely to insert dATP 

versus dCTP opposite 8-oxoG during repair.  However, when PCNA and pol δ form a 

holoenzyme complex, dCTP is three times more likely to be inserted than dATP
80

.   

 LP-BER with pol ε is also stimulated by RPA.  In vitro experiments with calf pol 

ε, human FEN1, human LigI, and human RPA showed that RPA increased the amount of 

DNA substrate that underwent strand-displacement synthesis
77

.  Also, the average length 

of repair patches synthesized was increased in the presence of RPA.  RPA is reported to 

unwind ds DNA under low-salt conditions
81, 82

 and as a result stimulates FEN1 activity
83

.  

FEN1 endonucleolytic activity is dependent on the structure of its DNA substrate and 

requires that at least one annealed nucleotide is displaced
84

.  Therefore, FEN1 is more 

effective at removing 5’-AP-site lesions if RPA has catalyzed the unwinding of the DNA 

substrate.  Then, cleavage can occur at least one nucleotide downstream from the AP-site, 

between two intact bases
84

.  Finally, in experiments with cell extracts treated with 

aphidicolin, the gap-filling step during repair of an AP-site opposite 8-oxoG was 

inhibited
85

 implicating that pol δ and pol ε are responsible for repair synthesis.  Pol δ and 

pol ε are sensitive to aphidicolin, whereas pol β, pol η, and other polymerases are 

resistant to it
86

.  The sensitivity of pol λ to aphidicolin is uncertain
72

.          
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Pol β-dependent LP-BER.  Although there is a good amount of evidence to 

support the theory that the replicative polymerases pol δ and pol ε are the main enzymes 

involved with gap-synthesis in LP-BER, other research suggests that pol β is involved 

too.  In fact, LP-BER can be reconstituted in vitro with pol β and FEN1, without the 

PCNA/pol δ complex
15, 64

.  When 5’-AP-sites are not amenable to removal of its dRP 

group via β-elimination by pol β, SN-BER cannot be completed.  However, in the 

presence of FEN1, pol β can carry out strand displacement synthesis and complete repair 

by a long-patch mechanism instead
15, 64, 87

.     

Pol β has been shown to stimulate LP-BER
14

; cell-extract mediated LP-BER is 

inhibited with an antibody against pol β
15

; and LP-BER activity is reduced in a pol β null 

cell extract
14

.  Pol β also contains three regions that resemble PCNA-interacting motifs 

(PIM)
88

 and was subsequently shown to physically interact with PCNA through co-

immunoprecipitation studies, yeast-two hybrid analysis, and overlay binding studies
88

.  

The PCNA-pol β interaction provides further evidence that pol β participates in LP-BER 

and suggests that PCNA may also play a role in pol β-mediated LP-BER.   

Liu et al.
87

 have proposed a “Hit and Run” mechanism by which pol β mediates 

LP-BER in association with FEN1.  If pol β initiates gap-filling synthesis but then 

encounters a 5’-AP site that is refractory to dRP-lyase activity, pol β is hypothesized to 

dissociate from the nicked-flap DNA product permitting access of FEN1 to remove the 

flap.  Then pol β can be enlisted again to repair the new one-nucleotide gap that has a 

dRP group which can be removed by pol β.  Hashimoto et al.
72

 further proposed that pol 

β and pol δ/ε may simultaneously be involved with LP-BER.  They suggested that pol β 
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may be responsible for nucleotide insertion opposite 8-oxoG while pol δ/ε might carry 

out DNA-strand extension. 

Pol λ and pol η efficiently repair adenines in 8-oxoG/A mispairs.  The 

translesion bypass polymerases, pol λ and pol η, have not been clearly demonstrated as 

participants in BER.  However, a few intriguing findings warrant further study of the role 

of bypass polymerases in MYH-initiated LP-BER.  In the presence of PCNA and RPA, 

pol λ and pol η were able to correctly incorporate dCTP opposite 8-oxoG 1200-fold and 

68-fold more efficiently than dATP, respectively
80

.  Furthermore, PCNA and RPA have 

been proposed to act as molecular switches to promote repair of 8-oxoG/A mispairs by 

pol λ and simultaneously suppress pol β expression and activity
89

.  Maga et al. also 

provided evidence that reduced pol λ- but increased pol β- expression levels are 

correlated with decreased correct dCTP incorporation opposite 8-oxoG in some 

tumorigenic cell lines, thus implicating that deregulation of these polymerases may be 

involved with tumor development
89

.  

 

1.2 MYH-associated polyposis is a colorectal cancer-predisposition syndrome 

In 2002, based on genetic analysis of one family affected with multiple colorectal 

adenomas and carcinomas, Al-Tassan et al.
90

 reported that hMYH variants were 

associated with G:C  T:A transversion mutations in colorectal tumors.  Family 

members lacked germline mutations of the adenomatous polyposis coli gene (APC), a 

tumor suppressor gene that regulates cellular proliferation in the colon
91

 and is associated 

with familial adenomatous polyposis.  However, tumors from the affected siblings 

contained a high proportion of somatic, inactivating, G:C  T:A mutations in APC.  
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Because defects in MYH, OGG1, and MTH1 can increase the frequency of such 

mutations, the coding regions of these genes were sequenced and the affected individuals 

were discovered to be compound heterozygotes for the MYH missense variants T165C 

and G382D.  Based on this familial study, MYH-associated polyposis (MAP) was 

identified as a genetic disorder that predisposes affected individuals to colorectal 

adenomas and carcinomas.   

1.2.1 The genetic pathway of colorectal cancer development in MAP patients 

Somatic, G:C  T:A transversion mutations in the APC gene are present in most 

MAP tumors, however it is not an absolute hallmark of the syndrome.  MAP mutations 

are not guaranteed to cause APC hypermutation and it is plausible that MAP mutations 

may cause other genetic mutations which are involved with colorectal tumorigenesis
92

.  

In fact, APC mutations alone are insufficient to cause cancer.             

In 1990, Fearon and Vogelstein
93

 outlined a model describing that while APC 

mutations cause colorectal adenomas, additional molecular changes are required for 

carcinogenesis
93, 94

.  In particular, mutation at codon 12 of the small GTPase, k-ras, is 

associated with transformation of colorectal adenomas to carcinomas
93-95

.  K-ras is a 

signaling molecule which typically requires external stimuli, such as growth factors and 

factors that promote cellular differentiation, to transduce the signal to effector 

molecules
96

.  However, mutations to k-ras can render the gene product constitutively 

active, thereby causing unchecked cell growth and differentiation
96

.  Thus, k-ras is 

regarded as a proto-oncogene. Importantly, analysis of adenomas and carcinomas in 

MAP patients provided evidence that MYH variants cause G:C  T:A transversions at 

the first base of codon 12 in k-ras as inducing a G12C mutation
95

.  The first base of 
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codon 12 in k-ras, guanine in the GGT sequence, is considered a mutation hotspot
97

.  

This guanine base reportedly is highly susceptible to oxidative and carcinogenic 

damage
98

 and carcinogen-DNA adducts at this base are poorly repaired
98

.  Furthermore, 

mutations at codons 12, 13, and 61 of k-ras are the only ones documented to activate the 

oncogenic potential of k-ras
98

.       

MYH and other repair enzymes have been described as caretaker genes which 

maintain genomic integrity
99

.  As discussed, deficient MYH activity permits mutations in 

the genes of transducer proteins, such as the APC tumor suppressor and the k-ras proto-

oncogene, to go unrepaired.  Inactivation of APC or constitutive activation of k-ras leads 

to breakdown of the DNA damage response pathway and ultimately oncogenesis.   

1.2.2 Hereditary colorectal cancer syndromes 

According to Goodenberger and Lindor
100

, 70% of colorectal cancers (CRCs) are 

sporadic, arising from an accumulation of somatic, oncogenic mutations over time.  20-

30% of CRCs are estimated to be familial in nature, caused by inherited polymorphisms 

or low-penetrant mutations.  Shared environmental factors are also attributed to an 

increased risk of CRC in some families.  Finally, at least 5% of CRCs are estimated to be 

hereditary, caused by the inheritance of high-penetrant mutations.  Lynch Syndrome, 

familial adenomatous polyposis (FAP), attenuated familial adenomatous polyposis 

(AFAP), and MYH-associated polyposis (MAP) are all examples of hereditary CRC 

syndromes and will be discussed in the following section (Table A1.2).   

Lynch Syndrome (formerly Hereditary Nonpolyposis Colorectal Cancer, 

HNPCC).  Lynch Syndrome is an autosomal dominant disorder (AD) that is associated 

with a high risk of early onset CRC, and is predicted to account for approximately 1-6% 
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of all CRCs
100-102

.  Lynch Syndrome is characterized by germline mutations in MMR 

genes that usually result in total loss of protein expression
101

 thereby causing 

microsatellite instability (MSI).  MSI associated with Lynch Syndrome can cause 

frameshift mutations in a multitude of genes, including TGF-IIβ, ILGG-2, Bax, E2F-4, 

APC, PTEN, MSH3, Mre11, MBD4/MED1.   

For patients with mutations in MLH1 or MSH2, which accounts for up to 90% of 

Lynch Syndrome patients
101

, the average age of CRC presentation is 45 years old
103

.  The 

lifetime risk of CRC for individuals with Lynch Syndrome is 75% by 70 years of age
100

.  

The American Gastroenterological Association has made screening recommendations for 

people with a diagnosis or risk factors for Lynch Syndrome
100

.  They recommend that 

such individuals should have a colonoscopy every 1-2 years beginning at age 20-25 or, 

earlier, if any family members were affected with CRC under 30 years of age.  In that 

case, at-risk individuals should have annual or biannual colonoscopies beginning 10 years 

before the youngest age of CRC diagnosis among their family members.  Additional 

recommendations regarding screening for other cancers associated with Lynch Syndrome 

are reviewed elsewhere
100

.  Finally, prophylactic colectomy is an option for Lynch 

Syndrome patients if they are noncompliant or unable to have colonoscopies as 

recommended.  However, in general, there is limited enthusiasm for such a drastic 

measure for patients with a healthy colon
100

.  Additional information about the molecular 

etiology and clinical presentation of Lynch Syndrome was also included in section 1.1.3. 

Familial Adenomatous Polyposis (FAP).  FAP is characterized by greater than 

one hundred and up to thousands of adenomatous colorectal polyps
101, 104, 105

.  Over time, 

stepwise accumulation of somatic mutations causes a small percentage of these polyps to 
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become cancerous, transitioning from benign adenomas to malignant adenocarcinomas.  

FAP is an autosomal dominant disorder and is caused by germline mutations in APC.  As 

an aside, the majority of CRCs, including sporadic cancers, have somatic mutations in 

APC as well
91

.  In FAP, APC mutations are largely found in the central region of the 

gene
101

, a third of which occur at codons 1061 and 1309
91

.  An attenuated form of FAP 

(attenuated familial adenomatous polyposis, AFAP), is characterized by less than one 

hundred colorectal polyps and is usually caused by APC mutations at the extreme 5’- or 

3’- end of the gene
106

. 

FAP has several additional phenotypic variants.  Gardner’s syndrome is an 

association of colonic polyps with epidermoid skin cysts, benign osteoid tumors, dental 

abnormalities, and benign desmoid tumors of the abdominal wall or bowel mesentery
91, 

101
.  Turcot Syndrome is also a variant of FAP and presents with colonic polyps and 

primary central nervous system tumors, usually medulloblastomas
107, 108

.  Also, FAP 

occasionally causes papillary carcinoma of the thyroid or adrenocortical tumors
91

.  

Finally, MYH-associated polyposis is phenotypically indistinguishable from AFAP and 

in some cases may be regarded as a variant of the AFAP syndrome as well.     

FAP and AFAP account for 1% of all CRCs
101

.  For 50% of patients, FAP 

presents by the age of 15 with diffuse polyposis
99, 109

.  CRCs usually develop by 25-30 

years of age and 90% of patients develop CRC by age 40
99, 110

.  Meanwhile, AFAP 

presents much later in patients, usually not until the fifth to seventh decade of life on 

average
109

.  Due to such differences in clinical presentation, the screening and 

management of FAP, AFAP, and MAP are different (reviewed by Lynch elsewhere
109

). 
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MYH-Associated Polyposis (MAP).  MAP accounts for 1-3% of all CRCs
92

.  

MAP is usually phenotypically very similar to AFAP, with over 40% of patients 

presenting with 10-100 adenomas.  However MAP may also look like classical FAP with 

almost another 30% of patients having over 100 adenomas
111, 112

.  In some rare instances, 

MAP may present more similarly to Lynch Syndrome, with only a few polyps and early-

onset CRC
113

.  Some extracolonic manifestations of MAP have been observed as well, 

such as duodenal and gastric polyps, dental abnormalities, dermal cysts, congenital 

hypertrophy of the retinal pigment epithelium (CHRPE), desmoid tumors, and 

osteomas
100

.  The presentation frequency of these MAP features is unknown, although it 

is believed to be less common than the extracolonic disease seen in FAP or AFAP.     

Although Lynch Syndrome and FAP/AFAP are AD disorders, MAP is currently 

accepted as an autosomal recessive (AR) disorder.  Heterozygous carriers for an MYH 

mutation have, at most, only a very slightly increased lifetime risk of CRC
114

.  As 

biallelic MYH mutations are needed to cause MAP, it is not surprising that somatic MYH 

mutations are not associated with sporadic CRCs
92

.  Souza
99

 described the caretaker-

gatekeeper hypothesis (Figure 1.4) and why in general, inactivation of gatekeeper genes, 

such as APC, causes an AD disorder while mutation of caretaker genes, such as MYH, 

causes AR disorders.  Inactivation of gatekeeper genes can directly cause tumor 

formation while inactivation of caretaker genes cause increased rates of mutation, 

including in gatekeeper genes.  Thus, if patients are born with a monoallelic APC 

mutation, they only need one more somatic APC mutation at the other allele for disease 

presentation.  Conversely, if patients are born with a monoallelic MYH mutation, they 

need three more somatic mutations in the same cell for disease presentation; MYH must 
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be mutated at the second allele followed by somatic mutations of both copies of the APC 

genes.  As this is probably very unlikely to occur, MAP is rarely observed unless patients 

have biallelic, germline MYH mutations.  Of note, the MMR genes that are mutated in 

Lynch Syndrome are also considered caretaker genes
99

.  However, Lynch Syndrome is 

inherited as an AD syndrome and therefore, only one copy of the MMR gene associated 

with CRC must be mutated for disease presentation.  It has been suggested that mutation 

in even just one of the Lynch Syndrome-associated MMR genes causes insufficient 

MMR leading to genetic instability via MSI and frameshift mutations
97

.       

Colonic polyposis usually presents in MAP patients by 45-56 years of age
112, 115, 

116
.  By 70 years of age, 80% of patients will have developed CRC

114
.  Very early onset 

of CRC has been reported as well, but is less common
111

.  Given a family history of 

MAP, colonoscopy is recommended every 3-5 years beginning at 25-30 years of age.  If 

polyps are found, colonoscopy should be conducted more frequently.  Endoscopy and 

duodenoscopy every 3-5 years beginning at 30-35 years of age should also be part of the 

management plan
100

.     
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Figure 1.4 

 

Figure 1.4: The Caretaker-Gatekeeper Hypothesis.  Reactive oxyen species, chemicals, and radiation 

cause mutations in DNA.  As a caretaker gene, MYH is involved with repairing some of the oxidative 

damage that accrues from such DNA-damaging agents.  Cells with defective MYH display a mutator 

phenotype and individuals with biallelic MYH mutations are affected with a high rate of colorectal 

adenomas.  Defective MYH permits the accumulation of G:G  T:A transversion mutations in gatekeeper 

genes such as APC and k-ras.  Once tumor suppressors, such as APC, and oncogenes, such as k-ras, are 

defective, colorectal adenomas can become malignant carcinomas.  Cancer progression can include 

invasion and metastasis as well. 

 

1.2.3 MYH mutations across the entire gene have been identified in MAP tumors 

To date, greater than 80 nonsense, small insertion- or deletion-, splice site  

variant-, or missense MAP-associated MYH mutations have been reported and are 

distributed across the entire gene
90

.  However, only eleven of these mutations have been 

biochemically or functionally characterized (Table: A1.3).  For the remainder of the 

MAP-mutants, some predictions have been made about whether they are pathogenic or 

more likely benign polymorphisms.  Additional research is needed to determine the 

functional relevance of these mutants to better provide genetic counseling and disease 

management for MAP patients and their families.  Finally, studies have examined how 

MYH mutants as defective adenine glycosylases contribute to oncogenesis, but the 
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clinical significance of MYH mutants that have impaired protein-protein interactions 

within the DNA damage response pathway is unknown.   

 Y165C and G382D account for the greatest proportion of MAP-associated 

MYH mutations.  The original hMYH variants identified in MAP are Y165C and 

G382D.  These mutants account for approximately 73% of MAP-associated MYH 

mutations, although this estimate may be inflated due to reporting bias
90

.  After 

identifying these mutations in a family with a high rate of early onset colorectal 

adenomas (CRAs) and CRCs, Al-Tassan et al.
117

 measured the glycosylase activities of 

the corresponding E. coli MutY variants.  Using a DNA substrate with a G/A mismatch, 

the Y82C- and G253D- EcMutY mutants had a 98% and 86% reduction in the rate of 

adenine removal, respectively.  Glycosylase activity on a DNA substrate with an 8-

oxoG/A mismatch was completely abolished for the Y82C mutant and 85% reduced for 

the G253D mutant.  Also, based on RT-PCR analysis, Al-Tassan et al. noted that the 

colonic mucosa of the family members in their study had reduced expression of the 

G382D MYH variant, further contributing to the reduction of its enzymatic activity.   

The Y165C- and G382D- hMYH mutants have been further studied by 

biochemical and structural studies on homologous enzymes in different species including 

E. coli
118-120

, S. pombe
121

, M. musculus
122, 123

, and B. stearothermophilus
124

.  

Complementation assays in MutY-deficient E. coli cells showed that Y165C-hMYH and 

the homologous Y82C-EcMutY variant were unable to restore adenine glycosylase 

activity to the level observed with the wild type enzyme
118

.  G382C-hMYH was unable to 

complement the E. coli mutY
-
 strain also, but surprisingly the G253D-EcMutY enzyme 

suppressed the mutation frequency to an extent similar to WT-EcMutY.  However, the 
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G382D-hMYH mouse homolog, G365D-mMYH, was unable to produce observable 

adenine glycosylase activity in MYH-null mouse embryonic stem cells
125

.   

The crystal structures of the catalytic core of EcMutY with bound adenine
126

, and 

B. stearothermophilus MutY (BstMutY) with an 8-oxoG/A DNA substrate
124

 provide 

further evidence about the role of specific residues in lesion recognition and repair.  Y82 

and Y88 in EcMutY and BstMutY, respectively, correspond to Y165 in hMYH.  Y82 and 

Y88 were both shown to be part of a pseudo-Helix-hairpin-Helix (HhH) domain which 

works with another HhH element to compress the DNA backbone to promote nucleotide 

flipping of the substrate adenine base.  Additionally, Y82 and Y88 intercalate the DNA 

helix, 5’ of the 8-oxoG base, to stabilize other MutY residues that recognize and are 

hydrogen-bonded to 8-oxoG.  Residue Y165 is believed to carry out similar functions in 

hMYH and therefore plays a crucial role in adenine-base nucleotide flipping and 8-oxoG 

recognition in the complementary strand.  Examination of residue G260 in the BstMutY 

crystal structure, corresponding with residue G382 of hMYH, indicates that this residue is 

also involved with 8-oxoG recognition.  G260 of BstMutY initiates a C-terminal turn in 

the protein structure to allow hydrogen bonding with the 8-oxoG DNA strand.  

Taken together, the biochemical and structural studies indicate that residues Y165 

and G382 of hMYH are important for lesion recognition.  Interestingly, although hMYH 

is an adenine-specific glycosylase, contacts with the complementary 8-oxoG base are 

very important for substrate recognition and repair as well.  Y165 of hMYH also seems to 

play an important role in adenine-base flipping out of the DNA-helix, a step required 

prior to its excision.  Mutation at either Y165 or G382 of hMYH both cause defective 

hMYH glycosylase activity; however, the Y165C mutation is perhaps even slightly more 
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detrimental than the G382D mutation.  Notably, the Y165C mutant is associated with an 

earlier onset of CRC and a more severe phenotype than the G382D mutant
127

.         

A459D and P391L are functionally deficient hMYH variants found in MAP 

patients.  A459D
128

- and P391L
129

 
130, 131

-hMYH variants have been identified in a 

number of MAP patients, both in homozygous states and as compound heterozygotes 

with the Y165C and G382D mutations.  In vitro assays showed that both mutants has 

significantly reduced repair activity on 8-oxoG/A containing DNA substrates.  

Interestingly, P391L-hMYH is unable to complement E. coli MutY
-
 cells while 

unpublished results show that mutation of the analogous residue in EcMutY (P262L) has 

no effect on glycosylase activity compared to WT-EcMutY
132

.  The authors proposed that 

the significance of the mutation may differ across species and that P391L may be a more 

deleterious mutation in humans than the corresponding mutation in bacteria.  

Additionally, the stability and proper folding of the human enzyme may be more 

dependent on post-translational modifications that occur in human or eukaryotic cells 

rather than bacterial cells.   

R227W, R231L, and V232F are MAP-associated hMYH variants with 

mutations adjacent to or within the hMSH6 binding site.  R227W
133

, R232L
134

, and 

V232F
116

 are all proven MAP variants that are particularly of interest because of the 

proximity of these mutations to the hMSH6 binding site of hMYH (residues 232-254)
43

.  

It is hypothesized that the physical interaction between hMYH and hMSH6 indicates that 

BER and MMR are coordinated during DNA repair of certain mismatched base pairs, 

including 8-oxoG/A mispairs.  However, it is unknown whether disruption of this 

interaction is detrimental to repair activities. 
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    In vitro assays showed that all three of these mutants have impaired 8-oxoG/A 

binding- and glycosylase activities
134, 135

.  Notably, the glycosylase activity of V232F-

hMYH could be partially stimulated by hMutSα although not restored to the wild-type 

level
135

.  None of these three mutants were able to complement E. coli MutY
-
 cells 

however GST-pulldown assays showed that the mutations did not affect the physical 

interaction between hMYH and hMSH6 either
134, 135

.  Thus, the pathogenicity of these 

mutants is unlikely related to an impaired interaction between hMYH and hMSH6.  

Examining the Cd-EcMutY (the catalytic domain of E. coli MutY) and BstMutY/DNA 

crystal structures indicate that mutation of R227, R231, and V232 of hMYH may impair 

DNA-substrate recognition.  R227 and R231 are part of the R-(V/L)-X-X-R consensus 

sequence found in the helix-hairpin-helix (HhH) superfamily of glycosylases with an 

[4Fe-4S] cluster
136

.  Additionally, R227 and R231 are located on the same α-helix as the 

catalytically essential D222 residue that is found at the center of the hMYH active site
134, 

135
.  V232 is in close proximity to the [4Fe-4S] cluster and mutation of the valine residue 

to a bulky phenylalanine may disrupt the [4Fe-4S] cluster structure
135

. 

The Q324R variant has been functionally studied, but not established, as a 

MAP-associated mutation.  Q324R has been identified as a novel MYH variant 

however it remains to be clearly associated with MAP pathogenesis.  The Q324R variant 

was identified in a CRC patient that was negative for mutations in genes encoding for 

MMR genes
132

.  However, additional details about the patient’s disease and diagnosis 

were not reported.  Of note, additional mutations at this codon, including Q324H, have 

been observed.  Q324H has been generally considered a benign polymorphism, however 

a few reports implicate its involvement with CRC in some cases
137, 138

. 
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Under single-turnover conditions, partially purified, recombinant Q324R-hMYH 

had a 30-40% reduced rate of enzymatic turnover compared to WT-hMYH
132

.  However, 

Q324R-hMYH was able to completely complement E. coli MutY
-
 cells

132
, suggesting that 

this variant is less deleterious than other MAP- associated MYH-mutants.  Thus, no 

functional evidence has conclusively implicated Q324R-hMYH in MAP pathogenesis.   

137insIW, R171W, and E466del have been functionally characterized as 

MAP-associated MYH-mutants using a mammalian cell-based assay.  As discussed 

earlier, the enzymatic activity and stability of a human MYH mutant in a mammalian 

cellular environment is likely different than in bacteria or in in vitro assays.  In vitro, 

G382D-hMYH has significant glycosylase activity; however it is already a proven MAP 

mutant with impaired enzymatic activity.  This highlights the benefits of the mammalian-

based assay, which more closely mimics the environment of human cells, to study the 

functional significance of hMYH variants.  The 137insIW, and R171W, and E466del 

hMYH variants were expressed in mouse MYH
-/-

 cells
139

.  The accumulation of 8-oxoG 

in the mouse genome, and cellular hypersensitivity to oxidative stress were measured to 

gauge the ability of the hMYH mutants to complement the mMYH deficiency. 

High-performance liquid chromatography with electrochemical detection 

(HPLC/EC) was used to measure baseline, steady-state 8-oxoG levels in mMYH
-/-

 cells.  

Although hMYH is only indirectly involved with 8-oxoG repair, it is one of the three 

critical enzymes in the 8-oxoG repair pathway.  Thus, defective hMYH activity is likely 

to indirectly cause 8-oxoG accumulation by preventing its proper repair.  Cells 

expressing 137insIW- or E466del-hMYH had moderately increased 8-oxoG levels 

compared to cells complemented with WT-hMYH.  Cells expressing R171W-hMYH had 
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even higher 8-oxoG levels.  Interestingly, expression of the three mutant proteins also 

caused higher 8-oxoG levels than cells expressing no MYH protein at all, suggesting that 

the mutants may have a sort of dominant-negative effect.   

Cytotoxicity tests were also completed to examine the sensitivity of the mutants to 

different types of DNA damaging agents.  Cells were exposed to both γ-radiation, which 

mostly causes single- and double-stranded breaks in DNA, and KBrO3, which mainly 

causes base damage
140

 that is more likely to be repaired by MYH.  R171W and E466del 

were not sensitive to γ-rays, however, 137insIW had a slight increased sensitivity to γ-

rays but only at high doses.  Meanwhile, all three mutants were very sensitive to KBrO3 

which caused significant cell death.  137insIW retained modest glycosylase activity while 

R171W and E466del showed no glycosylase activity at all in in vitro assays.   

The potential dominant-negative effects caused by the three mutants should be 

addressed.  Thus far, MAP is considered an autosomal recessive disorder; at most, 

heterozygous carriers have only a very minor increased risk for CRC
90

.  However, the 

results from the mammalian-based assay suggest it is possible that mutant gene products 

from even one MYH allele may inhibit the activity of overlapping repair processes.  It is 

possible that mutant MYH proteins occlude other enzymes from recognizing and 

repairing 8-oxoG/A mispairs.  Additionally, mutant MYH proteins may also disrupt 

protein-protein interactions important for signaling during the DNA damage response. 
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1.3 Biochemical and structural characterization of MutY and MYH 

Because of the emerging role of hMYH in carcinogenesis, many biochemical and 

cellular assays have been completed on MutY homologues to learn more about the 

mechanistic and molecular properties of the enzyme.  Across species, studies have shown 

that the primary enzymatic objective of MYH is to repair adenines that have been 

mispaired with 8-oxoG.  However, much more is now known about the intricacies of this 

enzyme.  Here I will review kinetic studies that provide insight about the enzymatic 

mechanism of MYH, describe insights gained from the Cd-EcMutY and BstMutY crystal 

structures, and examine the role of the [4Fe-4S] cluster in substrate binding.  Finally, I 

will discuss what is known, and what remains to be discovered, about the protein-protein 

interactions that govern MYH function in the DNA-damage response pathway. 

1.3.1.  The Catalytic Mechanism of MutY and MYH 

Early studies about the substrate specificity and catalytic mechanism of EcMutY 

were at first confusing.  Appropriate reaction conditions for in vitro assays had not been 

determined, unsuitable kinetic experiments were unknowingly used to study EcMutY, 

and controversy remained about whether EcMutY possessed AP lyase activity.  This 

section will also discuss the functional significance of the iron-sulfur cluster ([4Fe-4S]) 

present in EcMutY.   

8-oxoG/A mispairs are the preferred substrate of EcMutY.  Despite these 

difficulties, there was at least a general consensus that EcMutY has a greater binding 

affinity for dsDNA substrates with 8-oxoG/A mispairs than substrates with G/A mispairs.  

However, measurements of the corresponding dissociation constants (Kd) varied between 

research groups.  Using gel mobility shift assays, Lu et al.
120

 measured apparent Kds for 
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EcMutY binding to 20mers with an 8-oxoG/A or G/A mispair of 0.066 ± 0.013 nM and 

5.3 ± 0.5 nM, respectively.  Meanwhile, Bulychev et al.
141

 measured weaker binding 

affinities for 23mers of 5.5 ± 0.7 nM for an 8-oxoG/A substrate and 26 ± 5.3 nM for a 

G/A substrate.  Later, it was suggested that the discrepancies between these 

measurements are likely related to different experimental conditions
142

.  Lu et al. 

incubated substrate DNA, in the presence of the nonspecific competitor poly(dI:dC), with 

EcMutY for 30 minutes at 37°C before analyzing the binding products on a 

nondenaturing gel.  Alternatively, Bulychev et al. incubated binding reactions, without 

the nonspecific competitor, for 15 minutes at 30°C before analyzing the gels by 

electrophoresis.  As it was unknown at the time of these binding experiments that 

D138N-EcMutY could be used as a catalytically inactive mutant
126

 without affecting 

DNA-binding affinities, WT-EcMutY was used instead.  Therefore, it was likely that the 

measured Kds reflected the binding affinity of EcMutY to both substrate DNA (8-oxoG/A 

or G/A) and product DNA (8-oxoG/AP or G/AP).  Additionally, Lu et al. contended that 

EcMutY possesses AP lyase activity while Bulychev reported they observed no AP lyase 

activity.  As Lu et al. and Bulychev et al. used different experimental conditions, 

substrate DNA might have been converted to product DNA (abasic DNA from 

glycosylase activity and perhaps cleaved-abasic DNA from AP lyase activity as well) to 

varying extents in the two experiments, further contributing to the discrepancies between 

their Kd measurements. 

 The AP-lyase controversy.  EcMutY AP-lyase activity has not been consistently 

reported by all research groups.  Several research groups have failed to detect AP lyase 

activity
16, 22, 68, 141, 143, 144

, while others have reported at least weak AP lyase activity
67, 119, 
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120, 145-148
.  Examination of amino acid homology between Endo III and EcMutY, both 

iron-sulfur cluster proteins, show that they are identical in sequence between Ala-133 and 

Ala-122 except for at residue 120
120, 141

.  Residue 120 of Endo III is a lysine while 

residue 120 of EcMutY is a serine
141

.  Bifunctional glycosylases are proposed to use the 

epsilon-amino group of a conserved lysine to carry out nucleophilic attack at the sugar C-

1’ of the damaged base for cleavage of the N-glycosidic bond
144

.  Nucleophilic attack by 

lysine results in an imino enzyme-DNA intermediate, also known as a Schiff base 

intermediate.  Meanwhile, monofunctional glycosylases are proposed to carry out 

nucleophilic attack at C-1’ of the damaged base with an activated water molecule
149

. 

Lysine 120 is proposed to be responsible for the Schiff base formation and AP lyase 

activity of Endo III
141

, which Bulychev et al. argued provided further evidence that 

EcMutY, lacking the corresponding residue, does not possess AP lyase activity.  

However, Wright et al.
148

 later suggested that EcMutY may possess weak AP lyase 

activity with the use of another lysine residue, Lys-142, which is found in close proximity 

to the EcMutY active site.  A review by Lu et al.
63

 suggested that a chance encounter 

between Lys-142 and AP-DNA might promote AP-lyase activity.  
 

Using qualitative assays and Michaelis-Menten kinetics to study EcMutY 

glycosylase activity on different substrates produced contradictory results.  Although 

EcMutY was repeatedly confirmed to bind 8-oxoG/A mispairs much tighter than G/A 

mispairs
119, 120, 141

, initial studies on the rates of EcMutY glycosylase activity on 8-

oxoG/A and G/A substrates did not provide clear evidence about the preferred substrate.  

Using qualitative, gel-based glycosylase assays, Michaels et al. was the first group to 

report that EcMutY had comparable rates of adenine removal from 8-oxoG/A and G/A 
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mispairs
16

.  However, similar gel-based assays by Lu et al.
119

 and Manuel et al.
147

 

showed greater glycosylase activity on G/A substrates over 8-oxoG/A substrates.  To 

further add to the confusion, Bulychev et al.
141

 reported Michaelis-Menten parameters for 

EcMutY distinctly different from those reported by Lu et al.
120

.  Bulychev et al. reported 

kcat/Km values indicating more efficient processing of 8-oxoG/A mispairs while Lu et al. 

reported more efficient processing of G/A mispairs.  To easily explain the contradictory 

Michaelis-Menten parameters reported by Bulychev et al. and Lu et al., it is likely that 

different experimental conditions are at the root of this issue as discussed earlier in this 

section.  The next section will address how the discovery of product-inhibition 

experienced by EcMutY can explain the discrepancies between the preferred substrate for 

EcMutY in DNA-binding studies (8-oxoG/A) versus the preferred substrate observed in 

these initial glycosylase assays (G/A, in many cases). 

The catalytic turnover of MutY and MYH is product-inhibited.  Porello et 

al.
142

 used pre-steady state, multiple turnover kinetics to prove that the catalytic turnover 

of EcMutY is inhibited by AP-DNA product formation.  Reactions were carried out with 

3 nM of EcMutY and an excess of substrate DNA, with either an 8-oxoG/A or G/A 

mispair, at 20 nM.  Reactions with both substrates were characteristic of biphasic kinetics 

displaying an initial “burst” of product formation followed by a linear, steady-state phase.  

The rate of the exponential, burst phase for the 8-oxoG/A substrate was faster than that 

for the G/A substrate.  However, during the linear, steady-state phase, the reaction with 

the 8-oxoG/A substrate plateaued at about 10% of substrate conversion to product; ~2 

nM of product was formed in reactions starting with 20 nM of substrate DNA.  The linear 

phase for the G/A substrate did not plateau, but rather showed a steady increase in 
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product formation.  These findings suggest that the catalytic turnover of EcMutY is 

inhibited by 8-oxoG/A, but not G/A, products because it remains bound to DNA with an 

AP-site opposite 8-oxoG.  Kd measurements of EcMutY binding to an 8-oxoG/AP 

substrate and a G/AP substrate are aligned with this hypothesis.  The EcMutY-G/AP 

product complex had a Kd of 30 nM, while the measured Kd of a mixture of EcMutY 

bound in the substrate- and product- complexes to 8-oxoG/A and 8-oxoG/AP was 

subnanomolar
142

.  Later, other BER glycosylases including human thymine DNA 

glycosylase (hTDG)
150

, human uracil DNA glycosylase (hUDG)
151

, human OGG1
66

 and 

human MBD4
152

 were also shown to also bind very tightly to their AP-site products 

suggesting that to be an important mechanism to protect AP-sites before their repair is 

completed by BER. 

Pre-steady state conditions offer the most informative conditions to measure 

kinetic parameters of MutY enzymes.  In addition to the information about MutY 

product-inhibition obtained from pre-steady state multiple turnover kinetics, pre-steady 

state single-turnover kinetics also provided a lot of insight about the enzymatic activity of 

MutY.  Single turnover kinetics were used to measure the chemistry step of adenine 

removal from 8-oxoG/A and G/A mispairs
142

.  As described by Porello et al. to explain 

their experimental results, the intrinsic rate of adenine removal by EcMutY is 6-fold 

faster from 8-oxoG/A substrates than from G/A substrates.  The authors hypothesized 

that the active site of EcMutY makes more contacts with 8-oxoG of an 8-oxoG/A mispair 

than guanine of a G/A mispair.  Thus, EcMutY has greater affinity for the 8-oxoG/A 

mispair although its dissociation from a G/AP product is more facile than dissociating 

from an 8-oxoG/AP product. 
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The catalytic mechanism of other MutY homologues.  SpMyh1 displays the 

same 8-oxoG/A substrate preference as EcMutY, binding 8-oxoG/A and G/A 20mers 

with Kds of 0.239 ± 0.015 nM and 168 ± 26 nM, respectively
121

.  As a point of reference, 

SpMyh1 non-specifically binds to a C:G 20mer with a Kd of 715 ± 89 nM
121

.  SpMyh1 

was evidenced to have AP lyase activity by the presence of a nicked DNA product 

without piperidine treatment at 90°C.  Additionally, sodium borohydride (NaBH4) was 

able to form a covalent complex between SpMyh1 and an A/G substrate providing 

additional evidence that an SpMyh1 imino intermediate (a Schiff base) exists from a β-

elimination reaction.  Again, most likely misleading Michaelis-Menten kinetics have 

been reported that suggest SpMyh1 cleaves adenines from G/A mispairs about three 

times more efficiently than from 8-oxoG/A mispairs.  As already discussed, pre-steady 

state multiple turnover and single turnover kinetics might indicate that the mechanism is 

more complex than can be explained with Michaelis-Menten kinetics.  Studies with 

truncated mMYH (lacking the first 28 residues of the intact protein) also show that it can 

excise adenine from 8-oxoG/A and G/A mispairs, although the rate of excision is about 

9-fold faster with the 8-oxoG/A substrate
153

.  Truncated mMYH also binds tightly to 

DNA with abasic sites opposite 8-oxoG, which will be discussed more thoroughly in 

section 1.3.3.  Finally, difficulty has persisted in purifying stable hMYH to homogeneity.  

However, hMYH expressed in E. coli
154, 155

 and baculovirus
156

 show that hMYH has 

glycosylase activities on 8-oxoG/A and G/A mispairs, although its activity is more 

efficient with the former substrate.  Finally, it has been suggested that phosphorylation of 

hMYH in vivo enhances its glycosylase activity on 8-oxoG/A mispairs and to an even 

greater extent, G/A mispairs
154

.  



47 

 

 

 

The iron-sulfur cluster in MutY and MYH is important for substrate binding 

and may be involved with sensing local redox states.  Perhaps somewhat surprisingly, 

MutY and MYH proteins have four cysteine residues which coordinate covalent binding 

of an iron-sulfur cluster ([4Fe-4S]) at its surface.  Previously, iron-sulfur clusters have 

been regarded primarily as co-factors for proteins involved with electron-transfer 

reactions
142

.  However, Porello et al. have shown that the [4Fe-4S] cluster also plays an 

important role in EcMutY function.  Denaturing and refolding experiments showed that 

EcMutY refolded to a significant degree in both the presence and absence of ferrous and 

sulfide ions.  Additionally, the stability of the refolded proteins did not depend on the 

presence of the [4Fe-4S]
 
as the refolded proteins all had about the same circular 

dichroism (CD) spectra upon heating from 10 to 70°C.  However, only proteins that were 

refolded in the presence of both ferrous and sulfide ions were able to recover DNA-

binding and adenine glycosylase activities.  The DNA-binding and glycosylase activities 

of refolded Apo-EcMutY could also be recovered if the protein was dialyzed against a 

solution containing ferrous and sulfide ions.  These results suggested that the [4Fe-4S]
 

cluster does not merely serve a structural role to promote EcMutY protein folding or 

stability.  In fact, the [4Fe-4S]
 
cluster can be assembled on the enzyme post-

translationally.  Alternatively, the [4Fe-4S] cluster of EcMutY is essential for DNA-

binding and its glycosylase activity.   

An additional study by Messick et al. examined the effects of oxidizing the [4Fe-

4S]
2+

 cluster to [3Fe-4S]
1+ 157

.  The enzymatic activity was not notably diminished for 

samples of EcMutY protein with a significant amount of the [4Fe-4S]
2+ 

clusters 

converted to [3Fe-4S]
1+

.  Another study examined the conversion of the [4Fe-4S]
2+  
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cluster to [3Fe-4S]
1+

 in a ferredoxin protein and showed that the [3Fe-4S]
1+

 group was 

stable and not very susceptible to further oxidation
158

.  Messick et al. used the ferredoxin 

protein example to support their hypothesis that the [4Fe-4S] cluster is important for 

EcMutY to remain active in oxidizing environments during oxidative damage repair.  The 

conversion reaction of the [4Fe-4S]
2+  

cluster to [3Fe-4S]
1+

, and the maintenance of 

enzymatic activity with the [3Fe-4S]
1+

 cluster, may serve as a mechanism for EcMutY to 

resist the loss of the [4Fe-4S] cluster, and therefore enzymatic activity, completely.  

    As for the significance of the [4Fe-4S] cluster in regards to its function in 

EcMutY substrate recognition and activity, several hypotheses have been offered and are 

further reviewed by Boal et al.
159, 160

.  In summary, the [4Fe-4S]
 
cluster may be important 

as a redox cofactor to sense DNA damage and signal to other repair proteins about its 

presence via a DNA charge transport mechanism. 

1.3.2  Crystal structures of bacterial MutY proteins 

Structural studies have been vital in elucidating protein-DNA interactions that are 

required for MYH to be effective as an adenine glycosylase.  In 1998, Guan et al. 

published three X-ray crystallography structures of the E. coli MutY catalytic core 

(cMutY) with and without bound adenine
126

.  In 2004, Fromme et al. determined the X-

ray structure of D144N-B. stearothermophilus MutY (BstMutY) crosslinked to DNA 

which showed that MutY has many more hydrogen-bond contacts with 8-oxoG via its C-

terminal, MutT-like domain than adenine has with the substrate recognition pocket
124

.  

However, Lee and Verdine
161

 published another structure of WT-BstMutY bound to a 

fluorinated DNA substrate.  The substrate was a catalytically inactive analog of 2’-

deoxyadenosine in which a single 2’-H atom was replaced with fluorine.  Their structure 
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showed that the fluorinated lesion was buried more deeply into the adenine-recognition 

pocket and engaged in more hydrogen bonds and hydrophobic interactions than seen with 

the previous BstMutY structure.  20 NMR structures of the hMYH NUDIX domain 

(consisting of residues 344-486 of the full-length protein) have been determined (PDB 

ID: 1X51).  Other than their addition to the Protein Data Bank (PDB), further information 

about the structure of the NUDIX domain has not been published. Prior to our crystal 

structure of the catalytic domain and interdomain connector of hMYH
162

, no mammalian 

structures of MYH had been published.  

 The EcMutY catalytic core crystal structures confirm a nucleotide-flipping 

mechanism.  Guan et al.
126

 published the first crystal structures ever of any MutY 

proteins: 1) WT-cMutY to 1.4 Å resolution, 2) catalytically inactive D138N-cMutY to 

1.2 Å resolution, and 3) D138N-cMutY bound to a substrate adenine base to 1.8 Å 

resolution.  In addition to providing important information about the structure and 

function of EcMutY specifically, their structure of the D138N-cMutY protein bound to 

adenine also offered novel insight about the presumably shared catalytic mechanism of 

members within its helix-hairpin-helix (HhH) DNA glycosylase superfamily. 

 Similar to the bilolobal structure of its family member, EndoIII, the catalytic 

domain of EcMutY consists of two α-helical domains: the [4Fe-4S] cluster domain, 

composed of five α-helices and an [4Fe-4S] cluster binding loop, and the six-helix barrel 

domain which contains the HhH motif and a pseudo-HhH motif.  The [4Fe-4S] cluster 

domain and the six-helix barrel domain are connected by two flexible loops and the 

enzyme active site is in the interdomain cleft.   
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One face of EcMutY is covered with nine lysines and five arginines which form 

an electrostatically positive surface to bind and orient DNA.  Additionally, the  

[4Fe-4S] cluster organizes loops and α-helices at the DNA-interacting surface, and helps 

to position residues that are important for catalysis.  The HhH and pseudo-HhH are at 

either ends of the DNA-binding groove and each motif contains two glycine residues 

which are important to initiate the proposed nucleotide-flipping mechanism.  All four 

glycine residues are oriented such that their amide protons are directed into solution, to 

potentially mediate non-specific interactions with the DNA backbone.  As a result of 

these interactions, the two HhH motifs are thought to compress the DNA backbone 

subsequently causing the substrate adenine to flip into the base specificity pocket in the 

interdomain cleft.  Additionally, the favored syn conformation of 8-oxoG in an 8-oxoG/A 

mispair is proposed to be involved with the nucleotide flipping mechanism as well.  In 

the syn conformation, the 8-oxo group of 8-oxoG is proposed to be deeper in the minor 

groove motif of EcMutY than the O2 group of thymine in a normal A:T pair.  This is 

expected to cause steric clash that promotes the adenine flipping into the adenine 

specificity pocket. 

The adenine specificity pocket forms an ideal active site for extrahelical adenine.  

Hydrogen bonds and hydrophobic interactions were shown to stabilize the adenine base 

in this pocket.  Additionally, aspartate 138 is found in the active site, which is proposed 

to deprotonate a bound water molecule.  The water molecule is then primed for 

nucleophilic attack of the C1’ sugar of the target base to complete N-glycosidic bond 

cleavage.  Protonated glutamate 37 is also believed to play an important role by 

stabilizing the transition site through hydrogen bond formation with N7 of the cleaved 
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adenine base.  Residue 120 of EcMutY is a serine, instead of the corresponding lysine 

present in Endo III that is required for its AP lyase activity.  However, lysine 142 of 

EcMutY is close to the active site and may be able to provide AP lyase activity in a 

separate, uncoupled step following base excision.    

 The crystal structure of BstMutY crosslinked to DNA revealed the presence 

of a C-terminal, MutT-like domain that is important for 8-oxoG recognition.  Guan 

et al.
126

 provided evidence that the N-terminal domain of bacterial MutY is structurally 

similar to EndoIII and is sufficient to carry out glycosylase activity.  Also, NMR 

structures of MutT and the C-terminal domain of EcMutY showed that they are 

intriguingly structurally similar despite low shared sequence identity
163

.  However, the 

significance of the C-terminal domain was not well understood until Fromme et al. 

solved the crystal structure of full-length D144N-BstMutY crosslinked with DNA 

containing an 8-oxoG/A mispair to 2.2 Å resolution.  The N-terminal domain was found 

to be very similar to EndoIII and the apo-cEcMutY structure.  Thus, binding to DNA 

likely does not cause any major conformational changes in MutY.  The C-terminal 

domain was found to be tethered to the N-terminal domain by a flexible linker rich with 

positively charged lysine residues that could mediate electrostatic interactions with DNA.  

The C-terminal domain also made contacts with the 8-oxoG base and the six-helix barrel 

module of the catalytic domain.  Overall, the N- and C-globular domains completely 

encircled the DNA, with the positively charged linker additionally binding to the DNA. 

 As proposed by Guan et al.
126

, the 8-oxoG base is involved with the nucleotide 

flipping mechanism.  When bound to BstMutY, the 8-oxoG base was in the anti 

conformation. Perhaps as Guan et al. suggested, in this conformation the 8-oxo group of 
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8-oxoG would be deeper in the MutY DNA-minor groove motif than an O2 group if 

thymine were present instead.  This was proposed to cause steric clash between the 8-oxo 

group and the MutY minor groove motif that might ultimately promote adenine 

nucleotide flipping into its specificity pocket. 

 The 8-oxoG base makes many contacts with both the N-terminal and C-terminal 

domains.  Hydrogen bonds engage every face of 8-oxoG; thymine, on the other hand, 

would not be stabilized by such hydrogen bonds.  S308 is a conserved residue which 

seems to primarily function in discriminating between 8-oxoG and guanine.  The 

backbone amide proton of S308 forms a hydrogen bond with the 8-oxo group of 8-oxoG.  

Additionally, Y88 and Q48 stabilize the side chain of S308 to interact with the N7-

hydrogen of 8-oxoG but not the lone electron pair on N7 of guanine.  Of note, despite 

large structural similarities between MutT and the C-terminal domain of MutY, the 8-

oxoG binding sites of the two proteins are completely different.        

 The BstMutY fluorinated lesion-recognition complex reveals that MutY 

makes more protein contacts with the substrate adenine than previously thought.  

Despite the implications from the crystal structure of D144N-BstMutY that MutY makes 

more contacts with the 8-oxoG base than the substrate adenine, Lee and Verdine
161

 

contended that more direct contacts between adenine and the active site of WT-MutY 

should be present.  In order to preserve the active site of the WT enzyme, Lee and 

Verdine used a non-cleavable DNA substrate instead of using an active-site MutY mutant 

to examine the structure of the lesion recognition complex.  The 2’-H on the deoxyribose 

group of an adenine nucleotide was replaced with fluorine and the substrate used for this 

crystal structure was an 11mer with an 8-oxoG/2’-fluoro-2’-deoxyadenosine mispair.  For 
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simplicity’s sake, Lee and Verdine referred to the D144N-BstMutY/DNA structure as the 

lesion recognition complex (LRC) while they referred to the WT-BstMutY/fluorinated-

DNA structure as the fluorinated lesion recognition complex (FLRC).  I will follow suit 

while describing these two structures.  

 The overall structures of the LRC and FLRC were very similar.  As expected, the 

only major differences were observed at the adenine specificity pocket.  In the FLRC, 

there was much greater penetration of the adenine substrate into the active site.  The side 

chains of E43 and Y126 coordinate N7 of the substrate adenine.  Several more hydrogen 

bonds and a network of salt bridges stabilize the adenine base and additionally make the 

BstMutY active site inaccessible to solvent.  One ordered water molecule is present to 

further stabilize protein-DNA contacts.  Finally, a multitude of hydrophobic side chain 

residues interact with the extrahelical adenine and simultaneously exclude solvent water 

at the active site. 

 Upon superimposing the DNA from the LRC structure with WT-BstMutY from 

the FLRC structure, severe electronic and steric clash were observed between the 

catalytically essential D144/N146 pair and the sugar and 5’-phosphate group of the 

substrate adenine.  Therefore, such an interaction would have been repulsive enough to 

force the substrate adenine into a conformation that is more similar to what was seen for 

the DNA in the FLRC.  The FLRC structure seems to support the model proposed by 

Guan et al.
126

 regarding the catalytic mechanism of EcMutY.  In BstMutY, E43 is 

suggested to stabilize the glycosylase reaction intermediate. 
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1.3.3 hMYH physically interacts with proteins involved with DNA replication, 

mismatch repair, and the DNA damage response pathway 

hMYH physically interacts with several important cellular pathways
13, 43, 63, 164

.   

hMYH binds to the BER protein, AP endonuclease 1 (APE1)
13

.  Additionally, MYH is 

proposed to be involved with DNA replication and cellular proliferation processes via its 

direct associations with proliferating cellular nuclear antigen (PCNA) and replication 

protein A (RPA)
13

.  Moreover, hMYH directly interacts with Hus1 of the 9-1-1 complex 

implicating its connection with signaling pathways that dictate whether DNA-damaged 

cells will undergo cell cycle arrest or apoptosis
164

.  Finally, cross talk between BER and 

mismatch repair (MMR), another DNA repair pathway, is evident through the direct 

association between hMYH and hMSH6, a subunit of the MMR protein, MutS-α
43

.   

hMYH must be highly coordinated with APE1 to maintain the integrity of 

the genome.  hMYH physically interacts with APE1 in HeLa cell nuclear extracts as 

shown by co-immunoprecipitation and Western blotting
13

.  Using a variety of GST-

hMYH constructs for GST-pulldown assays, APE1 was mapped to interact with residues 

295-318 of hMYH.  Based on our crystal structure of hMYH(65-35)
162

 discussed in 

chapter 2, we show that those residues of hMYH are found within its flexible, 

interdomain connector (IDC).  We additionally discuss in chapter 3 how we have used 

NMR-titration experiments to map out the region of APE1 that interacts with hMYH.   

During the process of DNA repair via the BER pathway, cytotoxic and mutagenic 

intermediates are formed that must be protected and smoothly transferred between repair 

proteins.  AP sites are examples of such harmful intermediates and are formed in DNA 

following base excision by a DNA glycosylase.  As discussed in section 1.3.1, studies on 
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the catalytic mechanism and substrate preference of MYH were at first perplexing.  

DNA-binding assays indicated that MutY and MYH proteins bound to 8-oxoG/A 

mispairs with much tighter affinity than G/A pairs.  However, qualitative glycosylase 

assays and initial Michaelis-Menten kinetics indicated that MutY/MYH was more 

efficient at repairing G/A mispairs over 8-oxoG/A mispairs.  Only once pre-steady-state 

kinetics were utilized to gain insight about the kinetics of MutY/MYH repair, did the 

seemingly contradictory results from binding studies and Michaelis-Menten kinetics start 

to make sense.  Pre-steady-state single-turnover experiments showed that MutY/MYH 

display biphasic kinetics, with an initial burst of product formation followed by slow 

enzymatic turnover.  Intriguingly, the initial, exponential phase of product formation of 

MutY with an 8-oxoG/A substrate displayed much faster enzymatic rates than MutY with 

a G/A substrate.  However, product formation with MutY and a G/A substrate dominated 

during the slow, linear phase.  While product formation essentially plateaued with the 8-

oxoG/A substrate, there was alternatively a steady increase in G/A conversion to the 

G/AP product during the slow, linear phase.   

The surprising findings prompted the study of the role of APE1 in the enzymatic 

turnover of MYH.  At 100-fold molar excess, hAPE1 enhanced the glycosylase activity 

of murine MYH (mMYH)
123

.  The mechanism of APE1 stimulation of MYH has not 

been completely resolved, however.  It is not clear whether APE1 enhances the overall 

steady-state rate of MYH activity by increasing the rate of MYH-product dissociation or 

whether APE1 reduces the product inhibition of MYH via its endonucleolytic action, 

driving the AP-intermediate to continue its course of repair by the BER pathway.  

Interestingly, the presence of hAPE1 enhanced mMYH-DNA complex formation, the 
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exact opposite of what might expected to be seen if APE enhances MYH-AP-DNA 

dissociation.  However, the possibility that APE1 enhances MYH/substrate complex 

formation followed by enhancing dissociation of the MYH/product complex should not 

be excluded.  An additional finding suggests that APE1 stimulation of MYH is not solely 

dependent, or perhaps not dependent at all, upon its endonucleolytic activity.  Both WT-

hAPE1 and the catalytically inactive H309A-hAPE1 mutant stimulated mMYH 

glycosylase activity. 

hMYH interacts with RPA and PCNA, proteins of the Long-Patch BER 

pathway.  In addition to observing a physical interaction between hMYH and hAPE1 in 

HeLa nuclear extracts, co-immunoprecipitation and Western blotting showed that hMYH 

also physically interacts with the single-stranded DNA-binding protein, RPA, and the 

homotrimeric DNA clamp, PCNA
13

.  GST-pulldown assays mapped the RPA- and 

PCNA-binding regions to residues 6-32 and 505-527 of hMYH, respectively.  These 

interactions suggest that MYH-mediated BER proceeds, at least in part, via the PCNA-

dependent LP-BER pathway.  Additionally, as RPA and PCNA are also enzymes utilized 

during DNA replication, it is hypothesized that MYH-mediated repair may occur at DNA 

replication forks, immediately following DNA synthesis.   

As discussed in section 1.1.5, the heterotrimeric RPA protein stimulates LP-BER 

and enhances strand-displacement synthesis.  PCNA interacts with many other enzymes 

including DNA glycosylases, proteins of the LP-BER pathway, nucleotide excision repair 

(NER) enzymes, MMR enzymes, and enzymes involved with cell cycle control
165, 166

.  

Because of the multitude of protein interactions PCNA is involved with, it has been 

proposed to coordinate and regulate DNA replication and repair events.   
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Crosstalk between BER and MMR is mediated via the hMYH/hMSH6 

interaction.  GST-hMYH constructs were able to pull down the mismatch repair enzyme, 

hMSH2/hMSH6 (hMutSα) from several human cell lines
43

.  However, no physical 

interaction was observed for hMYH and another MMR enzyme, hMSH2/hMSH3 

(hMutSβ).  Closer analysis indicated that the MYH/MutSα interaction was mediated by 

the MSH6 subunit of the MMR enzyme.  The MYH/MSH6 interaction was not observed 

in several MMR-defective cell lines.  A variety of GST-MYH constructs were used to 

map the MSH6-binding site to residues 232-254 of hMYH. 

The physical interaction between MYH and MSH6 indicate that BER and MMR 

repair are coordinated to mediate the repair of oxidized bases.  MYH is an unusual DNA 

glycosylase as it repairs an undamaged, albeit misincorporated, base opposite an 8-oxoG 

lesion.  As discussed in section 1.1.3, MutSα recognizes and is activated by 8-oxoG 

lesions.  However, the MMR enzyme has less affinity for 8-oxoG/A mispairs compared 

to 8-oxoG/T and 8-oxoG/G mispairs.  Nonetheless, MutSα may play a role in helping 

MYH discriminate between parental- and daughter- strand DNA, as the inappropriate 

repair of parental strand adenines in an A/8-oxoG mispair is highly mutagenic.  PCNA 

interacts with both MYH and MSH6 and colocalizes with these enzymes at replication 

foci
13, 167-170

.  While MYH and MSH6 interact directly with each other
43

, PCNA may help 

coordinate BER and MMR simultaneously occurring in the cell.       

BER is coordinated with the cell cycle checkpoint response via the  

MYH/9-1-1 interaction.  The Rad9-Rad1-Hus1complex (9-1-1) is a heterotrimeric 

protein that forms a ring structure around DNA
171-173

 and has striking structural 
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homology to PCNA
174-176

.  9-1-1 is a DNA-damage sensor protein that can send 

downstream signals to initiate cell-cycle arrest or apoptosis
177

 (Figure 1.5).   

 

 

Figure 1.5: 

  

Figure 1.5: MYH is an adaptor protein in the DNA Damage Response Pathway. 
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Because it physically interacts with RPA
178

, it is predicted that 9-1-1 may sense 

DNA damage such as ssDNA bound by RPA
179

.  GST-pulldown assays showed that 

hMYH and SpMyh1 also interact with the 9-1-1 complex, predominantly via the Rad1 

and Hus1 subunits of 9-1-1
164

.  However, following H2O2-treatment of HeLa cells, 

hMYH was found to colocalize in nuclear foci with hRad9 as well
164

.  GST-pulldown 

assays of various hMYH constructs and HeLa nuclear extracts mapped the Hus1 binding 

region of hMYH to residues 295-350
164

.   

 These findings suggest that hMYH may serve as an adaptor between sites of DNA 

damage and the 9-1-1 complex.  Ultimately, the MYH/9-1-1 interaction may be important 

to initiate the cell cycle checkpoint response.  The significance of the MYH/9-1-1 

interaction is examined and discussed in chapter 2. 
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Chapter 2: A structural hinge in eukaryotic MutY homologues mediates catalytic 

activity and Rad9-Rad1-Hus1 checkpoint complex interactions
2
 

 

2.1 ABSTRACT 

The DNA glycosylase MutY homologue (MYH or MUTYH) removes adenines 

misincorporated opposite 8-oxoguanine as part of the base excision repair pathway.  

Importantly, defects in human MYH (hMYH) activity cause the inherited colorectal 

cancer syndrome, MYH-associated polyposis (MAP).  A key feature of MYH activity is 

its coordination with the cell cycle checkpoint via interaction with the Rad9-Rad1-Hus1 

(9-1-1) complex.  The 9-1-1 complex facilitates cell cycle checkpoint activity and 

coordinates this activity with ongoing DNA repair.  The interdomain connector between 

the catalytic and 8-oxoG recognition-domains of hMYH (IDC, residues 295-350) is a 

critical element that maintains interactions with the 9-1-1 complex.  We report the first 

crystal structure of a eukaryotic MutY protein, a fragment of hMYH (residues 65-350) 

that consists of the catalytic domain and the IDC.  Our structure reveals that the IDC 

adopts a stabilized conformation projecting away from the catalytic domain to form a 

docking scaffold for 9-1-1.  We further examined the role of the IDC using 

Schizosaccharomyces pombe MYH (SpMyh1) as a model system.  In vitro studies of 

SpMyh1 identified residues I261 and E262 of the IDC (equivalent to V315 and E316 of the 

hMYH IDC) as critical for maintaining the MYH/9-1-1 interaction.  We determined that 

the eukaryotic IDC is also required for DNA damage selection and robust enzymatic 

activity.  Our studies also provide the first evidence that disruption of the MYH/9-1-1 

interaction diminishes repair of oxidative DNA damage in vivo.  Thus, preserving the 

                                                 
2
 P.J. Luncsford, D.Y. Chang, G. Shi, J. Bernstein, A. Madabushi, D.N. Patterson, A.L. Lu, E.A. Toth 
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MYH/9-1-1 interaction contributes significantly to minimizing the mutagenic potential of 

oxidative DNA damage. 

2.2 INTRODUCTION 

The genome is vulnerable to DNA-damaging agents of both endogenous and 

environmental origin.  Guanine is very susceptible to oxidation and can be converted to 

7,8-dihydro-8-oxoguanine (8-oxoG), which is one of the most stable and deleterious 

products of oxidative DNA damage
180

.  There are approximately 10
3

 and 10
5

 8-oxoG 

lesions in normal and cancerous tissues respectively per cell per day
1
.  Importantly, if 8-

oxoG is not repaired, adenine is misincorporated opposite 8-oxoG during DNA 

replication
4
, ultimately leading to G:C to T:A mutations within the genome

32, 181, 182
. 

Eukaryotic MutY homologues such as human MYH (hMYH or hMUTYH) and 

Schizosaccharomyces pombe MYH (SpMyh1) are vital DNA glycosylases that carry out 

the first step in the base excision repair (BER) pathway to excise adenines or 2- 

hydroxyadenines mispaired with 8-oxoGs or guanines.  MYH cleaves the N-glycosidic 

bond between the target base and its deoxyribose sugar leaving an apurinic/apyrimidinic 

(AP) site
183

.   The phosphodiester bond 5′ to the AP site is then cleaved by AP 

endonuclease (APE1) and downstream BER enzymes complete the repair process.  The 

functional importance of MYH is observed both experimentally and clinically: (1)  

deletion of the Spmyh1
184

 or mouse MYH
125

 genes results in a substantial increase in the 

mutation rate in vivo and (2) biallelic hMYH mutations permit downstream mutations in 

tumor suppressors (i.e. APC) and proto-oncogenes (i.e. K-ras) causing colorectal 

adenomas and carcinomas (as in the syndrome MYH-associated polyposis, or MAP)
92, 115, 

117, 185
.  To date, 85 MAP-associated mutations have been identified, spread throughout 
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the entire length of the gene
90

.  However, only 11 MAP-associated hMYH variants have 

been characterized via functional studies
90, 132, 134, 135, 139

 and of these variants, only 2 

(V232F and Q324R/H) have mutations within putative protein-interaction domains.  

Additional studies must be performed to investigate
181

 the potential involvement of 

impaired protein interactions with hMYH variants in the development of colorectal 

cancer in some MAP patients. 

In eukaryotes, detection and correction of DNA damage is coordinated, through 

protein-protein interactions, with signaling pathways that regulate DNA replication, cell 

cycle progression, and apoptosis
186, 187

.  We have shown that MYH directly associates 

with proliferating cell nuclear antigen (PCNA) in both S. pombe and human cells
13, 188

.  

We also provided direct evidence that the association between SpMyh1 and PCNA is 

biologically important for SpMyh1 function in mutation avoidance
188

.  By coupling the 

base excision repair pathway with DNA replication, the association between MYH and 

PCNA is believed to direct repair towards daughter DNA strands
13, 43, 167, 188, 189

.  The 

connection between DNA repair and cell cycle checkpoints provides an additional 

mechanism to preserve genomic integrity
187

.  In response to DNA damage, checkpoint 

proteins initiate cell cycle arrest to allow more time for enhanced DNA repair.  In cases 

of extreme DNA damage, apoptosis can be triggered. 

The checkpoint controls are highly conserved from yeast to humans.  In fission 

yeast S. pombe, six checkpoint sensor proteins (Rad9, Rad1, Hus1, Rad17, Rad3, and 

Rad26) are proposed to initiate the proper DNA damage response under DNA replication 

block or stress
190, 191

.  Rad9, Rad1, and Hus1 form a heterotrimeric complex (the 9-1-1 

complex).  The structure of the 9-1-1 complex was recently determined
171-173

 and 
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exhibited striking structural similarity with the PCNA sliding clamp
174-176

.  Besides 

serving as a damage sensor
192-194

, the 9-1-1 complex has been shown to interact with and 

stimulate many enzymes in the BER repair pathway
63

.  During normal DNA replication, 

MYH coordinates with PCNA; however, in the event of DNA damage, MYH is proposed 

to recruit the 9-1-1 complex which then enhances MYH glycosylase activity
164, 195

.  

Importantly, mammalian cell cycle checkpoint proteins are recognized as key tumor 

suppressors
196

 and their direct role in DNA repair, such as with the 9-1-1/MYH 

interaction, can prevent the accumulation of mutations. 

Although bacterial MutY structures have been published
124, 126

, MYH contains 

extra sequence information that encodes for structural domains mediating its interactions 

with enzymes involved with DNA replication, mismatch repair, and cell cycle 

checkpoints
63

.  As the checkpoint response is unique to eukaryotes, the region of MYH 

critical for interaction with the 9-1-1 complex is absent in the prokaryotic enzyme.  We 

have shown that the major 9-1-1 binding site is located within residues 295-350 of 

hMYH and residues 245-293 of SpMyh1
164

.  In this study, we use structural and 

biochemical approaches to further examine the interaction between MYH and the 9-1-1 

complex, and its significance to DNA repair.  Here we report the first eukaryotic structure 

of MYH containing the human MYH catalytic domain and 9-1-1 binding region (within 

the interdomain connector, or IDC).  The structure of hMYH (residues 65-350) has been 

solved to 2.3 Å resolution and shows that the IDC differs in size and orientation from its 

bacterial counterparts.  We further examined the significance of the interaction between 

the SpMyh1-IDC and the 9-1-1 complex.  We previously determined that mutation of 

V315 of hMYH and I261 of SpMyh1 attenuates the interaction with 9-1-1
164

 to a modest 
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extent.  In an attempt to elicit a biological effect in vivo, we mutated the adjacent highly-

conserved glutamate to glutamine (E262Q). In this report, we demonstrate that residues 

I261 and E262 of SpMyh1 are key mediators of its interaction with the 9-1-1 complex 

and that disruption of the interaction itself hinders DNA repair in vivo.  In particular, the 

SpMyh1(I261A/E262Q) mutant cannot complement the mutator phenotype of myh1Δ 

cells and interruption of the interaction between SpMyh1 and 9-1-1 increases cell 

sensitivity to hydrogen peroxide.  To further examine the role of the IDC in MYH 

function, we created a SpMyh1-Chimera construct that included the N- and C- terminal 

domains of SpMyh1 but replaced the IDC with the Escherichia coli MutY linker region.  

We determined that, although the IDC of SpMyh1 is not needed for DNA-

binding, it is required for DNA substrate selection and robust enzymatic activity of the 

eukaryotic protein.  Our results demonstrate that the interaction between MYH and the 9-

1-1 complex is an important step in DNA repair.  Furthermore, these results strengthen 

the possibility that impaired hMYH-protein interactions contribute to the development of 

colorectal cancer in some MAP patients. 

 

2.3 RESULTS 

2.3.1 hMYH(65-350) contains the six-helix barrel and [4Fe-4S] cluster domains.  

Structures of bacterial MutY proteins show a catalytic domain and a C-terminal domain 

connected by a linker region
124, 126

.  The catalytic domain consists of the six-helix barrel 

and [4Fe-4S] cluster domains while the C-terminal domain has structural similarity to 

MutT
163, 197

 and plays an important role in the recognition of 8-oxoG lesions
145, 197, 198

.  

Overall, hMYH shares a moderate amount of sequence identity with bacterial MutY 
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proteins: 37% with E. coli MutY (EcMutY) and 33.6% with Bacillus stearothermophilus 

MutY (BstMutY).  Upon closer examination, sequence alignments indicate that the 

catalytic and C-terminal domains of hMYH and SpMyh1 share significant homology 

with the equivalent domains of EcMutY and BstMutY.  In contrast, the interdomain 

connector (IDC) between the two domains of eukaryotic MYHs diverges significantly in 

sequence and length from the bacterial MutY linkers.  Such a marked change in an 

otherwise well-conserved homologue suggests a distinct role for the eukaryotic IDC in 

MYH function.  In an attempt to visualize structural differences between the bacterial 

MutY linkers and the hMYH IDC, we crystallized a construct containing the catalytic 

domain (residues 65-292) and the IDC (residues 293-350) of hMYH (the full-length 

protein is 535 residues).  The 31.7 kDa hMYH(65-350) protein contains the binding 

domains for 9-1-1 (residues 295-350 of hMYH)
164

, APE1 (residues 293-318 of hMYH)
13

, 

and hMSH6 (residues 232-254 of hMYH)
43

.  As the catalytic core of E. coli MutY (Ec-

cMutY) is sufficient on its own to preserve glycosylase activity
126

, we confirmed that 

hMYH(65-350) maintains adenine glycosylase activity with DNA containing an A/8-

oxoG mispair (Figure 2.1).  
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Figure 2.1 

 

 

 

 

 

The crystal structure of hMYH(65-350) was determined at 2.3 Å resolution using 

a combination of single-wavelength anomalous diffraction (SAD) and molecular 

replacement for phasing (Figure 2.2 and Table 2.1).  The final model of hMYH(65-350) 

contains 271 residues for the first monomer in the asymmetric unit and 272 residues for 

the second monomer.  Residues 65-67, 310-314, and 344-350 (monomer 1; 65-67, 311-

314, and 344-350 for monomer 2) are not visible in the structure and therefore are not 

included in the final model.  As expected, the structure of the catalytic domain of 

hMYH(65-350) is similar to that of Ec-cMutY42 (RMSD = 1.5 Å
2
, 207 

Figure 2.1: hMYH(65-350) is catalytically active as an adenine glycosylase. Lane 1 of the gel is the 

DNA substrate containing a centrally located A/8-oxoG mispair. In lanes 2-8, the DNA substrate (0.18 nM) 

was incubated with increasing concentrations of recombinant hMYH(65-350) (1, 2, 4, 8, 16, 32, and 64  

nM, respectively). Reactions were carried out at 37 °C for 30 minutes and the products were separated on a 

14% DNA sequencing gel. Arrows mark the intact DNA substrate (I) and the nicked product (N). The gel 

image was viewed on a PhosphorImager. 

 



67 

 

 

 

C
α
 residues; Figure 2.1).  Two α-helical domains comprise the catalytic domain: (1) a six-

helix barrel domain composed of alpha helices α2-α7 and (2) a [4Fe-4S] cluster domain 

composed of alpha helices α1 and α8-α11 surrounding an [4Fe-4S] cluster.  The six-helix 

barrel domain contains the helix-hairpin-helix (HhH) motif (α6-α7) including the hairpin 

residues L198, P199, G200, V201, G202 which are also conserved in bacterial MutY 

enzymes
126

.  Similar to the MutY enzymes, the HhH motif in hMYH is followed by a 

glycine-rich domain and a catalytically essential aspartate (D222).  The [4Fe-4S] cluster 

domain contains four cysteine residues (C276, C283, C286, C292) which ligand the [4Fe-

4S] cluster.  Corresponding cysteine residues in EcMutY and BstMutY exist and the 

[4Fe-4S] cluster of hMYH is superimposable with the [4Fe-4S] clusters of these bacterial 

MutY enzymes.  Also, based on structure-based sequence alignments with Ec-cMutY and 

BstMutY, the hMYH residues 266-QAAME-270 of α10 and 120-EVMLQATA-127 of 

α3 are predicted to interact with adenine as part of the adenine specificity pocket at the 

interface between the six-helix barrel and [4Fe-4S] cluster domains.  Of the thirteen 

BstMutY residues that contact the adenine nucleobase
161

, eleven are invariant; the 

exceptions are E188 (Q266 in hMYH) and I191 (M269 in hMYH).   

Despite the many structural similarities existing between hMYH and the bacterial 

MutY enzymes, some minor and major differences were evident.  In the Ec-cMutY and 

the DNA-bound BstMutY structures, helix α1 of the [4Fe-4s] cluster domains begin at 

residues 3 and 9, respectively while the corresponding helix α1 of hMYH(65-350) begins 

at residue 76.  Residues 65-75 of hMYH exist in an extended conformation and the 

structure and function of residues 1-64 of hMYH remain unknown.  Nonetheless, 

residues 1-75 of hMYH account for additional structural domains that are not present in 
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the bacterial MutY enzymes.  Additionally, α1 of EcMutY is 3 residues shorter and is 

angled slightly further away from the globular center of the enzyme than α1 of 

hMYH(65-350).  Another minor structural difference in hMYH(65-350) is observed at 

helices α2-α3.  α2 of hMYH is longer than the corresponding helices in EcMutY and 

BstMutY by 5 and 3 residues, respectively, while α3 of hMYH is longer than the 

corresponding helices by 4 and 3 residues.  The loop between α2-α3 of hMYH is 3 

residues long while the corresponding loops in EcMutY and BstMutY are 4 and 2 

residues long, respectively.  Most of the structural differences in the catalytic domain of 

the hMYH and MutY enzymes are modest.  The most significant differences exist in the 

hMYH IDC versus the bacterial MutY linkers, described in detail below. 
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Figure 2.2 

  
Figure 2.2: Domain architecture of the catalytic domain (composed of the [4Fe-4S] cluster and six-

helix barrel domains) and interdomain connector (IDC) of hMYH.  Stereo diagram of hMYH(65-350) 

including the six-helix barrel domain (magenta and red) with the signature helix-hairpin-helix element 

(red) found in HhH-GPD superfamily members.  Cysteine residues of the [4Fe-4S] cluster domain (blue) 

coordinate the iron (orange) and sulfur (yellow) atoms of the [4Fe-4S] cluster. The IDC (cyan) connects the 

N-terminal catalytic domain to the C-terminal 8-oxoG recognition domain (not included in this structure).  

Residues V
315

 and E
316

 (brown) of hMYH are indicated (*) and correspond with residues I
261

 and E
262

 of 

SpMyh1.  The schematic above the stereo diagram depicts the full-length hMYH protein and is color-coded 

as described above to show the elements that comprise the hMYH(65-350) crystal structure.  The line in 

the schematic (brown, *) also represents residues V
315

 and E
316

 of hMYH.  The residues of hMYH that 

interact with MutSα (232-254), APE1 (293-318), and 9-1-1 (295-350) are indicated above the schematic.   
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Table 2.1: Data collection and refinement statistics of hMYH(65-350) 

     SAD data collection and molecular replacement 

Data collection      hMYH(65-350) 

Space group       P21 

Cell dimensions 

     a, b, c (Å)       60.31, 82.17, 63.46 

     α, β, γ (°)       90, 100.9, 90 

Resolution (Å)       2.3 

Rmerge        0.097 (0.437) 

I / σI         18.7 (4.6) 

Completeness (%)      95.8 (93.4) 

Redundancy       7.6 (7.8) 

 

Refinement  

Resolution (Å)       2.3 

No. reflections       24,674 

Rwork / Rfree       20.2/24.6 

No. atoms       4,225 

     Protein       4,150 

     Ligand/ ion       19 

     Water       56 

B-factors 

     Protein       37.3 

     Ligand/ ion       44.6 

     Water       37.9 

R.m.s. deviations 

     Bond lengths (Å)      0.017 

     Bond angles (°)      1.983 
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2.3.2 hMYH contains a unique interdomain connector (IDC).  The hMYH IDC 

(residues 292-353 of hMYH) is 41 residues longer than and possesses little sequence 

homology with the linker regions found in EcMutY (residues 208-228) and BstMutY 

(residues 214-234) (Figure 2.3a).  In the bacterial structures
124, 126

, the short linker region 

extends only 5 Å away from the globular N-terminal catalytic domain before traversing a 

relatively direct path to the C-terminal 8-oxoG recognition domain.  The MutY linker 

follows this path in both the apo-Ec-cMutY and BstMutY-DNA structures suggesting 

that there is no major conformational shift in the MutY linker upon binding to substrate 

DNA.  Strikingly, the hMYH IDC consists of a short helical structure, α12 (Figures. 2.3b 

and 2.3c, colored cyan; Figure 2.4), projecting 18.5 Å away from the catalytic domain 

(residues 293 to 305) before transitioning into an extended conformation.  There are no 

crystal contacts that stabilize the helix itself, suggesting that the helical extension persists 

in the full-length protein.  The orientation of α12 is stabilized by a covalent bond between 

residue C292 and the [4Fe-4S] cluster, plus nine hydrogen bonds among nearby residues 

(Figure 2.3d), suggesting that the orientation observed in the hMYH(65-350) structure 

reflects that seen in the full-length protein.  No visible density for residues 310-314 or 

344-350 can be identified; however residues 315-343 continue on a path away from the 

globular catalytic domain.  Of functional significance, the hMYH(65-350) structure 

shows that the 9-1-1-binding region of hMYH (residues 295-350) is within the IDC 

which projects away from the catalytic domain.  In this conformation, the IDC provides 

an ideal scaffold without structural obstacles to promote the hMYH/ 9-1-1 interaction. 
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Figure 2.3: The hMYH interdomain connector (IDC) projects away from the catalytic domain. (a) 

Structure-based sequence alignment of the linker regions of MutY proteins from prokaryotic and eukaryotic 

species. Sequences are: H. sapiens MYH (hMYH, accession no. U63329), M. musculus MYH (mMYH, 

accession no. AY007717), R. norvegicus MYH (rMYH, accession no. Q8R5G2), S. pombe MYH (SpMYH, 

accession no. Z69240), B. stearothermophilus MutY (BsMutY, accession no. 46015544 ), and E. coli MutY 

(EcMutY, accession no. P17802).  Identical amino acid residues present in at least four sequences are 

boxed in black and conserved residues are boxed in gray. The hMYH IDC includes the residues required 

for interaction with APE1 (residues 293-318 of hMYH) and Hus1 (residues 295-350 of hMYH). The stars 

indicate SpMyh1 residues, I
261

 and E
262

, which are important for the SpHus1 interaction. (b, c) The hMYH 

structure (b, c; blue) is overlaid with the apo-cMutY (b, orange) and DNA-bound-BsMYH (c, red) 

structures to highlight differences between the hMYH- and the bacterial MutY- linkers. The hMYH IDC 

projects 18.5 Å away from the catalytic domain differing from the more direct paths of the bacterial MutY 

linkers to the C-terminal domain.  In both the apo-cMutY and DNA-bound-BsMYH structures, the linkers 

only extend 5 Å away from the catalytic domain. (d) The helical structure of the hMYH IDC is stabilized 

by a covalent bond between residue C
292

 and the [4Fe-4S] cluster. (e) The hMYH IDC is further stabilized 

by nine hydrogen bonds (black dashed lines). The oxygen (red) and nitrogen (blue) atoms involved are 

shown. Importantly, some of these hydrogen bonds involve R
231

, V
232

, and R
295

 which are each associated 

with MAP mutations. 
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Figure 2.3: 
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Figure 2.4: 

 

2.3.3 I261 and E262 of the SpMyh1 IDC are important mediators of the Sp9-1-1 

interaction.  In SpMyh1, the IDC comprises residues 245-293.  Using a glutatione S-

transferase (GST)-pulldown assay, we previously showed that mutation of I261 of the 

SpMyh1 IDC to alanine [SpMyh1(I261A)] attenuates its interaction with SpHus1
164

.  Of 

the three 9-1-1 subunits, SpHus1 is the preferred binding partner of SpMyh1, and is 

therefore used in pulldown assays to estimate relative 9-1-1 binding proficiency.  

Because the I261A mutation resulted in partial disruption of the 9-1-1 interaction, we 

sought to further disrupt the interaction between SpHus1 and SpMyh1 by creating a 

mutation at E262, another highly conserved residue within the proposed Hus1-binding 

region of SpMyh1
164

.  In addition, both I261 and E262 reside in the extended region that 

lies just beyond the helical structure of the IDC (equivalent to V315 and E316 of hMYH, 

Figures. 2.2 and 2.3a).  Thus, we performed site-directed mutagenesis of SpMyh1(I261A) 

to replace E262 with glutamine (E262 → Q262).  As predicted, the interaction between 

Figure 2.4: Stereo diagram of a (2Fo-Fc) electron density map of the hMYH(65-350) IDC. The map 

includes residues 292-301 of hMYH(65-350) and is contoured at 1σ. 
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the SpMyh1(I261A/E262Q) mutant and SpHus1 is significantly weakened compared to 

the SpMyh1(I261A) and SpHus1 interaction (Figure 2.5a, lanes 3 and 4). 

The purified SpMyh1(I261A/E262Q) mutant protein exhibits glycosylase activity 

with the 8-oxoG/A substrate similar to that of the wild-type (WT) and SpMyh1(I261A) 

enzymes (compare lanes 2 in Figures. 2.5 b-d).  However, consistent with its weakened 

association with SpHus1, SpMyh1(I261A/E262Q) requires greater amounts of the S. 

pombe 9-1-1 complex (Figure 2.5d and Figure 2.5e) to increase its glycosylase activity to 

the same extent as that seen for SpMyh1-WT (Figure 2.5b and Figure 2.5e).  Two-fold 

stimulation of SpMyh1-WT (0.2 nM) requires a slight molar excess of S. pombe 9-1-1 

(0.3 nM) but a 25-fold molar excess of S. pombe 9-1-1 (5 nM) is needed for two-fold 

stimulation of SpMyh1(I261A/E262Q) (Figure 2.5e).  At a concentration of 5 nM, the S. 

pombe 9-1-1 complex stimulates the glycosylase activities of SpMyh1-WT, 

SpMyh1(I261A), and SpMyh1(I261A/E262Q) by approximately 5.5, 3.3, and 2.1-fold, 

respectively (Figure 2.5e). 
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Figure 2.5: I
261

 and E
262

 of SpMyh1 are important for 9-1-1 binding. (a) Physical interactions between 

SpHus1 and SpMyh1 mutants examined via a GST-pulldown assay and Western blot analysis. Lane 1 

contains 10% input of E. coli cell extracts containing His-SpHus1. Lanes 2-5 are pellets containing His-

SpHus1 from E. coli cell extracts pulled down by GST-SpMyh1 (wild-type), GST-SpMyh1(I261A), GST-

SpMyh1(I261A/E262Q), or GST alone, respectively. The pellets were fractionated on a 10% SDS-PAGE 

gel and Western blot analysis was performed with anti-His6 antibody. Equal amounts of GST and GST-

fusion proteins were immobilized onto glutathione-Sepharose 4B beads (data not shown). (b-d) S. pombe 

9-1-1 complex stimulates glycosylase activity of SpMyh1 mutants. Lane 1 of each panel is DNA substrates 

containing A/8-oxoG. The DNA substrate (0.18 nM) was incubated with recombinant SpMyh1 (0.2 nM) 

(lanes 2 of each panel). Lanes 3-7 are similar to lane 2 but with added 0.313, 0.625, 1.25, 2.5, and 5 nM S. 

pombe 9-1-1 complex purified from E. coli, respectively. Reactions were carried out at 30C for 30 min 

and the products were separated on a 14% DNA sequencing gel. The gel images were viewed on a 

PhosphorImager and quantified using the ImageQuant software (GE Healthcare).  Arrows mark the intact 

DNA substrate (I) and the nicked product (N). (e) Quantitative analyses of fold stimulation of S. pombe 9-

1-1 complex on wild-type- (open circles), I261A- (closed diamonds), and I261A/E262Q- (closed triangles) 

SpMyh1. The area at the product position in the control lane (no protein; lanes 1 of b-d) was subtracted as 

background signal. The SpMyh1 cleavage activity was calculated by the percentage of nicked product over 

total DNA (product plus substrate bands).  SpMyh1 glycosylase activities from three experiments are 

shown. The error bars reported are the standard deviations of the averages. 
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Figure 2.5: 

2.3.4 Expression of the I261A/E262Q IDC mutant of SpMyh1 in myh1Δ cells 

confers a mutator phenotype.  We have shown that the S. pombe myh1Δ strain displays 

a mutator phenotype (Table 2.2, line 2) and expression of wild-type SpMyh1 in these 

cells reduces the mutation frequency to the same level as wild-type cells (Table 2.2, line 

3).  To test whether interaction with the 9-1-1 complex is important for the in vivo 

SpMyh1 function, we examined the mutation frequency of JSP303-Y4 (myh1Δ) yeast 

cells expressing the SpMyh1(I261A/E262Q) mutant.  The expression level of 

SpMyh1(I261A/E262Q) protein in yeast cells is comparable to the level of wild-type 

SpMyh1 under the same conditions (data not shown).  The mutation frequency of myh1Δ 
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yeast cells expressing the SpMyh1(I261A/E262Q) mutant is 28-fold higher than that of 

the wild-type strain (Table 2.2, compare line 4 to line 1) (P = 0.003) and is 2-fold lower 

than that of the parental myh1Δ strain (Table 2.2, compare line 4 to line 2) (P = 0.05).  

Thus, the SpMyh1(I261A/E262Q) mutant cannot complement the chromosomal myh1 

deletion.  These results provide direct evidence that the interaction between SpMyh1 and 

the S. pombe 9-1-1 complex is important to maintain the SpMyh1 biological function of 

mutation avoidance. 

 

Table 2.2: 

 

2.3.5 A peptide consisting of the SpMyh1 IDC (residues 245-293) interacts with the 

9-1-1 complex.  We have previously shown that residues 245-293 of SpMyh1 are 

required for 9-1-1 binding using deletion constructs
164

.  To further demonstrate that these 

residues associate with 9-1-1, we expressed His-tagged and green florescence protein 

(GFP)-tagged SpMyh1(245-293) using the plasmids pRep41X and p4XG, respectively.  
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Expression of the SpMyh1(245-293) peptide is demonstrated by Western blot analysis 

(Figure 2.6a, lane 2; Figure 2.6c, lane 1).  Because the nmt1 promoter controls 

transcription of cDNA in pREP41X and p4XG, SpMyh1(245-293) expression is 

regulated by varying the concentrations of thiamine (Vitamin B1) used in the minimal 

media during growth of the yeast cells.  At 5 μg/ml of thiamine, expression of the His-

tagged and GFP-tagged peptides is almost completely suppressed (Figure 2.6a, lane 3; 

Figure 2.6c, lane 2). 

The association between the SpMyh1(245-293) peptide and the 9-1-1 proteins 

was examined with GST pull-down assays.  GST-tagged hHus1, hRad1, and hRad9 

proteins were immobilized on three separate bead preparations and used to pull down 

His-tagged SpMyh1(245- 293) peptide from yeast extracts.  As shown in Figure 2.6b, the 

SpMyh1(245-293) peptide binds to GST-hHus1 (lane 2) and GST-hRad1 (lane 3).  

However, the same peptide cannot bind to GST-Rad9 (lane 4) which displays a binding 

level similar to the negative control of GST alone (lane 5).  Thus, the SpMyh1(245-293) 

peptide binds to the 9-1-1 complex asymmetrically.  The weak binding of SpRad9 to the 

peptide is consistent with our published data that Rad9 is the weakest binding partner of 

the 9-1-1 complex subunits for both intact SpMyh1 and hMYH
164, 195

.  As a result, we 

named the SpMyh1(245-293) peptide “SpHus1 interacting peptide” (SpHIP). 

The interaction of SpHIP with the 9-1-1 complex was also demonstrated by 

coimmunoprecipitation.  GFP-tagged SpHIP was expressed in the Hus1-MYC strain of S. 

pombe cells which expresses Myc-tagged SpHus1 (Table 2.3, line 3).  The GFP antibody 

was used to precipitate the GFP-tagged SpHIP from the cell extracts.  The SpHus1 

protein is co-precipitated with GFP-tagged SpHIP (Figure 2.6d, lane 3) but not with GFP 
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alone (Figure 2.6d, lane 6), indicating that SpHIP can interact with 9-1-1 in vivo.  Finally, 

we tested whether SpHIP interferes with the SpMyh1-SpHus1 interaction.  Increasing 

amounts of yeast extracts containing SpHIP were added to the GST pull-down reactions 

with immobilized GST-SpHus1 and purified SpMyh1.  As shown in Figure 2.6e, His-

tagged SpHIP inhibits the interaction between SpHus1 and SpMyh1. 

 

Figure 2.6: The SpHIP peptide interacts with the 9-1-1 complex.  (a) Expression of His-tagged SpHIP 

peptide derived from residues 245-293 of SpMyh1 in S. pombe. Equal protein amounts were loaded on a 

20% SDS-PAGE gel and Western blot analysis was performed with antibody against SpMyh1. Lane 1, 

extract from myh1Δ yeast cells; lane 2, extract from myh1Δ cells expressing the His-tagged SpHIP peptide 

in the absence of thiamine (B1); lane 3, similar to lane 2 except the His-tagged SpHIP peptide is not 

expressed in the presence of 5 g/ml thiamine. (b) Interaction of SpHus1, SpRad1, and SpRad9 with His-

tagged SpHIP. S. pombe cells were transfected with plasmid containing His-tagged SpHIP peptide derived 

from residues 245-293 of SpMyh1. Extracts derived from these yeast cells were incubated with GST-

SpHus1, GST-SpRad1, or GST-SpRad9 immobilized on beads to observe the binding interactions between 

SpHIP and the 9-1-1 complex components. Equal amounts of GST and GST-fusion proteins were loaded 

(data not shown). His-tagged SpHIP in the pellets were detected by Western blot analysis using anti-

SpMyh1 antibody.  (c) Expression of GFP-tagged SpHIP peptide derived from residues 245-293 of 

SpMyh1 in Hus1-MYC S. pombe cells. Lane 1, extract from Hus1-MYC cells expressing the GFP-SpHIP 

in the absence of thiamine (B1); lane 2, similar to lane 1 except GFP-SpHIP is not expressed in the 

presence of 5 g/ml thiamine. Lane 3, extract from Hus1-MYC cells expressing the GFP in the absence of 

thiamine; lane 4, similar to lane 3 except GFP is not expressed in the presence of 5 g/ml thiamine. (d) Co-

immunoprecipitation of SpHus1 with GFP-SpHIP by anti-GFP antibody. S. pombe cells containing Myc-

tagged SpHus1 were transfected with plasmid containing GFP-SpHIP or GFP alone. Immunoprecipitation 

was performed with anti-GFP antibody and Western blotting was detected by anti-Myc antibody. S and P 

represent supernatant and pellet, respectively. (e) SpHIP inhibits the SpMYH1-SpHus1 interaction. Lane 1, 

purified SpMyh1 (0.1 g) was incubated with GST-SpHus1 immobilized on beads. Lanes 2-4, increasing 

amounts of extracts containing SpHIP (as indicated) were added to reactions similar to lane 1 with 

immobilized GST-SpHus1 and purified SpMyh1. Both SpMyh1 and SpHIP were detected in the pellets by 

Western blot analysis using anti-SpMyh1 antibody.  
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Figure 2.6: 

 

 

 

 

 

 

 

 

 

2.3.6 Expression of SpHIP renders S. pombe cells more sensitive to hydrogen 

peroxide.  To further study the interaction between SpMyh1 and 9-1-1 in vivo, we 

expressed SpHIP in S. pombe cells and analyzed its influence on hydrogen peroxide 

(H2O2) sensitivity.  S. pombe cells were transfected with plasmid containing GFP-SpHIP 

and grown in minimal media with or without 5 μg/ml thiamine.  At H2O2 concentrations 

higher than 1.5 mM, expression of SpHIP markedly increases H2O2 sensitivity (Figure 

2.7, gray bars) compared with cells not expressing SpHIP (Figure 2.7, white bars).  The 

expression of GFP-SpHIP alone does not affect the growth rate of the S. pombe cells 

(data not shown). 
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Figure 2.7: 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.7 The SpMyh1 IDC is required to promote DNA damage selection and robust 

glycosylase activity of the eukaryotic enzyme.  In order to further examine the 

functional impact of differences between the linker regions of prokaryotic MutY proteins 

and the IDCs of eukaryotic MYH proteins, we constructed a SpMyh1-EcMutY Chimera 

(SpMyh1-Chimera) which contains the N-terminal domain (residues 1-244) and C-

terminal domain (residues 289-461) of SpMyh1 connected by the shorter linker region 

(residues 214-227) of EcMutY (Figure 2.8a).  The SpMyh1-Chimera was designed to 

Figure 2.7: H2O2-sensitivity of S. pombe cells expressing GFP-SpHIP. S. pombe BM2681 cells were 

transfected with plasmid containing GFP-SpHIP and grown in minimal medium with or without 5 g/ml 

thiamine. The expression of GFP-SpHIP is inhibited with thiamine. Cells were treated with H2O2 for 30 

minutes and recovered in fresh media without H2O2 for an additional two hours. The percentages of 

surviving cells after H2O2 treatment were measured. At H2O2 concentrations higher than 1.5 mM, 

expression of SpHIP increased H2O2 sensitivity compared with cells not expressing SpHIP. For the cells 

exposed to H2O2 concentrations of  1.5, and 3.0 mM, the measured increased sensitivities were statistically 

significant with P < 0.02 (*). For the cells exposed to H2O2 concentrations of 6.0 and 10.0 mM, the 

measured increased sensitivities were statistically significant with P < 0.001 (**). 
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maintain the N-terminal catalytic- and the C-terminal 8-oxoG recognition- domains, 

while eliminating the 9-1-1 interaction domain found only in eukaryotic MYH proteins.   

 

Figure 2.8: 

  

Figure 2.8: a) Schematic depicting the SpMyh1-Chimera protein. The SpMyh1-Chimera is composed 

of the N- and C-terminal domains of S. pombe Myh1 (residues 1-244 and 289-461 of SpMyh1) connected 

by the E. coli MutY linker (residues 214-227 of E. coli MutY). 

b) Glycosylase activity of SpMyh1-Chimera. Lane 1 is DNA substrate (0.18 nM) containing A/8-oxoG. 

The DNA substrate was incubated with SpMyh1-WT (26 nM) in lane 2. In lanes 3-5, the DNA substrate 

was incubated with increasing concentrations of SpMyh1-Chimera (26 nM, 260 nM, 2600 nM 

respectively). Reactions were carried out at 30 C and 25 C for 60 min for SpMyh1-WT and SpMyh1-

Chimera, respectively. The products were separated on a 14% DNA sequencing gel and the gel image was 

viewed on a PhosphorImager.  Arrows mark the intact DNA substrate (I) and the nicked product (N). 

Although WT-SpMyh1 has robust enzymatic activity at a concentration of 26 nM, no glycosylase activity 

was observed for SpMyh1-Chimera at the same concentration. At a 10-fold and 100-fold increase in protein 

concentration (260 nm and 2600 nM, respectively), SpMyh1-Chimera has some glycosylase activity but not 

at a level equal to that of WT-SpMyh1. 
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We designed this construct in such a manner as to ensure that the chimeric linker 

is long enough to traverse the DNA and allow SpMyh1-Chimera to encircle it, as is 

required for high-affinity binding
118, 124, 147

.  As a preliminary check on our design, we 

used SWISS-MODEL
199

 to create a homology model of the SpMyh1-Chimera (Figure 

2.9); in the model the linker appears to be of sufficient length to allow the C-terminal 

domain to access the 8-oxoG lesion.  In addition, the observed affinity of SpMyh1-

Chimera for abasic product DNA (see below) indicates that the E. coli linker in the 

context of the SpMyh1-Chimera is long enough to position the SpMyh1 C-terminal 

domain on the lesion side of the DNA. 

 

Figure 2.9: 

 

  

Figure 2.9: Homology model of the SpMyh1-Chimera. Prior to constructing the SpMyh1-Chimera, we 

used SWISS-MODEL (http://swissmodel.expasy.org/) to determine whether the EcMutY linker would be 

long enough to accommodate the bulkier N- and C-terminal domains of SpMyh1-WT without creation of 

unfavorable steric interactions. The N- and C-terminal domains of SpMyh1-WT (residues 1-244 and 289-

461 of SpMyh1) are depicted in blue on the right and left, respectively. The EcMutY linker (residues 214-

227 of EcMutY) is shown in red. 
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We compared the glycosylase activity of SpMyh1-Chimera to that of the wild 

type enzyme to assess the SpMyh1-Chimera as a functional glycosylase.  For accurate 

comparison, both SpMyh1-Chimera and SpMyh1-WT were expressed with the same 

maltose-binding protein (MBP)-affinity tag and purified using similar protocols.  As 

shown in Figure 2.8b, while SpMyh1-WT has robust glycosylase activity at a 

concentration of 26 nM with 8-oxoG/A-containing DNA, no enzymatic activity is 

observed for SpMyh1-Chimera at the same concentration.  At a 10-fold increase in 

protein concentration (260 nM), SpMyh1-Chimera has only minimal enzymatic activity.  

At 2600 nM, SpMyh1-Chimera shows increased enzymatic activity but still not at a level 

equal to that of SpMyh1-WT at 26 nM.  Although SpMyh1-Chimera enzymatic activity is 

not completely abolished, it is markedly reduced compared to that of SpMyh1-WT. 

To investigate the potential cause of the reduced enzymatic activity of SpMyh1-

Chimera, we compared the DNA-binding affinities of SpMyh1-Chimera versus SpMyh1-

WT utilizing fluorescence anisotropy experiments.  We incubated fluorescein-labeled 20-

base pair duplex DNA containing the product of the SpMyh1 glycosylase reaction (an 

AP/8-oxoG mispair) with either SpMyh1-Chimera or SpMyh1-WT over a range of 

protein concentrations (Figure 2.10).  Binding isotherms were fit for each protein using a 

transformed Hill equation (see Materials and Methods) which yields a parameter ([P]1/2) 

that approximates the protein concentrations at which half-maximal binding is achieved.  

Unexpectedly, the SpMyh1-Chimera and SpMyh1-WT proteins have very similar 

affinities for the DNA substrate containing an AP/8-oxoG mispair, with half-maximal 

binding at 12 ± 3 nM and 10 ± 2 nM, respectively.  Both proteins display apparent 
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binding cooperativity with Hill coefficients of 2.6 ± 1.1 for SpMyh1-Chimera and 3.7 ± 

1.1 for SpMyh1-WT. 

 

Figure 2.10: 

 

 

To clarify the DNA substrate preference of SpMyh1-Chimera, we performed a 

competition assay.  We compared the abilities of unlabeled substrates containing either a 

C:G pair or an 8-oxoG/A mispair to displace a fluorescein-labeled 8-oxoG/A substrate 

bound to SpMyh1-Chimera or SpMyh1-WT.  As expected, the unlabeled 8-oxoG/A 

substrate (Figure 2.11, black circles) can displace the fluorescein-labeled 8-oxoG/A 

substrate bound to SpMyh1-Chimera or SpMyh1-WT with measured apparent inhibition 

constants (Ki,app) of 42 ± 9 nM and 14 ± 9 nM, respectively.  Thus, the competition assay 

indicates that the SpMyh1-Chimera binds an 8-oxoG/A DNA with less affinity than the 

Figure 2.10: Abasic DNA product affinities of WT-SpMyh1 and SpMyh1-Chimera. Fluorescein-

labeled 20-base pair duplex DNA with a centrally located 8-oxoG base opposite an abasic site was 

incubated with either WT-SpMyh1 or SpMyh1-Chimera over a range of protein concentrations. Binding 

isotherms were fit for each protein and the relative affinities for the substrate DNA were approximated 

based on the calculated midpoint concentrations. 
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wild-type protein.  However, the C:G substrate is an ineffective competitor for SpMyh1-

WT and is unable to displace the fluorescein-labeled 8-oxoG/A substrate to any 

measurable extent (Figure 2.11, left panel, red diamonds).  Strikingly, the C:G substrate 

can displace the fluorescein-labeled 8-oxoG/A substrate bound to SpMyh1-Chimera 

(Ki,app = 17 ± 4 nM) (Figure 2.11, right panel, red diamonds) and is therefore an effective 

competitor.  In addition, when measuring direct binding to fluorescein-labeled 20 base-

pair C:G substrate, SpMyh1-Chimera binds the substrate with high affinity whereas 

SpMyh1-WT does not bind the substrate to any measurable extent (Figure 2.12).  These 

results indicate that SpMyh1-Chimera exhibits only a modest preference for binding 8-

oxoG/A-containing DNA relative to undamaged DNA. 

Figure 2.11: 

 

 

 

Figure 2.11: DNA-substrate specificity of SpMyh1-Chimera. Reactions were pre-incubated at room 

temperature for 30 minutes with 150 nM SpMyh1-Chimera or WT-SpMyh1, 1 nM fluorescein-labeled 20-

base pair duplex DNA with a centrally located A/8-oxoG mispair, and unlabeled competitor substrates 

(with a centrally located A/8-oxoG mispair or C:G pair) over a range of concentrations (0-1000 nM). The 

unlabeled A/8-oxoG substrate (black circles) can displace the fluorescein-labeled A/8-oxoG substrate 

bound to SpMyh1-Chimera or WT-SpMyh1. The unlabeled C:G substrate can displace the fluorescein-

labeled A/8-oxoG substrate bound to SpMyh1-Chimera (right panel, gray diamonds) but not WT-SpMyh1 

(left panel, gray diamonds).  
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Figure 2.12: 

 

 

 

 

 

 

2.4 DISCUSSION 

In this study, we solved the first eukaryotic MYH structure and examined the 

significance of the interaction between MYH and the 9-1-1 complex for promoting DNA 

repair.  Our studies provide a structural rationale for the additional residues found in 

eukaryotic MYH IDCs.  We have demonstrated that two residues of SpMyh1 (I261 and 

E262), which reside on the extended region of the IDC, are key mediators of the 

interaction between SpMyh1 and 9-1-1.  Importantly, disruption of the interaction 

between SpMyh1 and the 9-1-1 complex via mutation [SpMyh1(I261A/E262Q)] has a 

Figure 2.12: DNA-binding affinities of SpMyh1-WT and SpMyh1-Chimera for a C:G substrate. A 19 

base-pair duplex DNA substrate, with a centrally located C:G pair, was used with one base overhanging at 

the 5’ end of the DNA strand containing guanine. The strand containing the cytosine base was 5’-labeled 

with fluorescein. The C:G substrate was incubated with either SpMyh1-WT or SpMyh1-Chimera over a 

range of protein concentrations. Each of the experiments was completed in triplicate. For SpMyh1-WT, the 

anisotropy values did not increase with increasing protein concentrations indicating that SpMyh1-WT does 

not recognize DNA containing C:G base pairs as a specific substrate. Alternatively, SpMyh1-Chimera 

appeared to bind the C:G substrate with modest affinity. Using a binary binding model in GraphPad Prism 

3.03, a binding isotherm was fit for the SpMyh1-Chimera data. For three experiments, the average Kd was 

98 ± 11 nM. 
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deleterious impact on oxidative DNA repair in vivo.  When the IDC of SpMyh1 is 

replaced by the EcMutY linker, the protein binds abasic product DNA with normal 

affinity, but also binds undamaged DNA with abnormally high affinity, resulting in 

substantially abrogated glycosylase activity.  Thus, the IDC of eukaryotic MYH serves as 

a structural scaffold to mediate important protein interactions and simultaneously serves 

as a structural hinge to properly position the N- and C- terminal domains for 8-oxoG/A 

recognition and catalysis.   

Transient interactions between hMYH and other proteins coordinate MYH BER 

with DNA replication, other DNA repair pathways, and DNA damage response.  On a 

basic level, these interactions may promote the efficient transfer of the product of one 

step of repair to the next enzyme in the repair pathway.  At first glance, the effects of 

these interactions appear minor, as the catalytic activity of MYH increases only five-fold, 

at best, in the presence of a high excess of a given stimulatory protein.  However, upon 

closer inspection, the observed effects seem to primarily foster cycling through the BER 

pathway and, if necessary, transitioning to other processes.  This “BER relay” system 

appears to operate at the expense of maximizing the catalytic turnover of any particular 

enzyme.  Such a regulatory network of malleable protein interactions affords the BER 

pathway sufficient flexibility to repair multiple types of damage.  In that regard, high 

affinity interactions between MYH and interacting proteins are likely not optimal for the 

seamless incorporation of MYH-BER into other pathways of DNA metabolism. 

Thus far, a partial sketch of this protein interaction regulatory network has been 

assembled through systematic, pairwise investigation of the effects of interacting partners 

on MYH activity.  APE1, a downstream BER enzyme, interacts with MYH
13

 and 
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enhances its glycosylase activity
123

.  This interaction likely promotes MYH turnover and 

prevents release of potentially cytotoxic AP sites.  MYH activity can be also stimulated 

by the mismatch recognition protein MSH2/MSH6 (MutSα)
43

.  In particular, the repair of 

8-oxoG/A mispairs requires communication between the BER and mismatch repair 

pathways and coupling to DNA replication
13, 43, 167, 188, 189

 to ensure that the 

misincorporated adenine on the daughter strand DNA is repaired rather than the 8-oxoG 

on the parental strand.  Finally, MYH interacts with 9-1-1, resulting in an increase in 

MYH glycosylase activity
164, 195

.  The interaction with 9-1-1 is enhanced by stresses such 

as H2O2 and ionizing radiation exposure
164, 195

, which is consistent with the suggestion 

that 9-1-1 might replace PCNA under stress
200

 to arrest the cell cycle and simultaneously 

enhance BER.   

Our crystal structure of hMYH(65-350) further supports the idea that transient 

protein interactions regulate the activity of hMYH.  While the hMYH IDC is required to 

maintain a physical link to the 9-1-1 complex and to APE1, the structure of hMYH(65-

350) reveals that the hMYH IDC possesses no regular secondary or tertiary structure 

beyond the helical extension (residues 293-305; Figure 2.2 and Figure 2.3 b-d).  

Interestingly, the 9-1-1 interacting regions of other DNA glycosylases, including hNEIL1 

(residues 290-350)
201

 and hTDG (residues 67-110)
202

, may also be flexible.  No 

identifiable density beyond residue 290 can be detected in the crystal structure of hNEIL1 

containing residues 2-343
201

.  Similarly, NMR data indicate that residues 67-110 of 

hTDG are unstructured.  Thus, a common feature of the 9-1-1 binding motif appears to be 

that it adopts a flexible structure, possibly to enable transient interactions with multiple 

protein partners.  Still, it is possible that this region becomes more structured in the 
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presence of the 9-1-1 complex, resulting in a conformational change that promotes the 

catalytic activities of DNA glycosylases.  Of note, it has been observed that many 

unstructured protein segments do not fold until they bind to their biological targets, thus 

permitting protein promiscuity
203

.   

Structure-based sequence alignment shows that the IDCs of hMYH and SpMyh1 

are 41 and 34 residues longer, respectively, than the linker of the bacterial MutY proteins 

(Figure 2.3a).  Eukaryotic MYH family members possess few conserved stretches within 

their IDCs, with only ~ 25% sequence identity between the hMYH and SpMyh1 IDCs.  

Our hMYH(65-350) structure provides a potential rationale for the added length of the 

IDC.  The additional length of the hMYH IDC appears to serve in part to project the 9-1-

1-interacting region away from the surface of bound DNA (Figure 2.11).  Without 

projection of the IDC away from the catalytic domain and DNA-binding site, the modest 

features of the IDC might be obscured by the negative charge of DNA and thus prevent 

the interaction between MYH and the 9-1-1 complex.  The orientation of the hMYH IDC 

is stabilized by the covalent bond between residue C292 and the [4Fe-4S] cluster, plus 

nine additional hydrogen bonds (Figure 2.4d).  Any significant reorientation of the IDC 

would require accommodation of the hydrogen bonding groups without exposure of the 

[4Fe-4S] cluster to solvent, a further indication that the orientation we observe is likely 

fixed.  Significantly, some of these hydrogen bonds involve residues R231, V232, and 

R295, each of which has an associated MAP mutation
90

.  Additionally, residues R295, 

Q324, F344, and P345 of hMYH are all within the IDC and are associated with MAP 

mutations
90

 (Figure 2.4d).  It will be interesting to see whether any newly-discovered 

MAP mutations will include mutations that disrupt the hMYH/ 9-1-1 interaction. 
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Although the interaction between MYH and 9-1-1 produces a modest effect on 

catalytic activity in vitro, the interaction is still of great physiological significance.  In 

previous studies
164

, we showed that mutation of I261 to alanine alone could attenuate the 

interaction between SpMyh1 and 9-1-1 without perturbing catalytic activity.  However, 

the effect was modest.  We demonstrated here that the interaction with 9-1-1 is more 

severely compromised for the SpMyh1(I261A/E262Q) mutant than for the 

SpMyh1(I261A) mutant (Figure 2.5).  This allowed us to assess the impact of disrupting 

the interaction between SpMyh1 and 9-1-1 on oxidative DNA damage repair in vivo.  

Unlike SpMyh1-WT, SpMyh1(I261A/E262Q) does not reduce the mutation frequency of 

myh1Δcells (Table 2.2).  In a separate approach, we showed that disruption of the 

interaction between MYH and 9-1-1 in S. pombe cells through expression of SpHIP 

(Figure 2.6) makes cells more sensitive to H2O2 (Figure 2.7), reducing the DNA repair 

capacity of the cells.  Since the IDC of hMYH also contains the hAPE1 binding site 

(residues 295-318)
13

, it is possible that SpHIP may also interfere with the interaction 

between SpMyh1 and APE1. 

By making more radical changes to the IDC, we demonstrate that its impact 

extends beyond mediating protein interactions.  We created a chimeric protein that 

replaced the region of the SpMyh1 IDC implicated in 9-1-1 interactions with the E. coli 

MutY linker in an attempt to retain catalytic activity while abolishing 9-1-1 interactions. 

However, characterization of SpMyh1-Chimera reveals that the eukaryotic IDC is 

designed not only to promote protein-protein interactions, but also to foster substrate 

selection and catalytic activity (Figure 2.9-2.11).  Despite preservation of the catalytic 

and C-terminal domains (Figure 2.9a), the SpMyh1-Chimera has significantly reduced 
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glycosylase activity (Figure 2.9b).  In contrast, SpMyh1-Chimera maintains normal 

affinity for the abasic DNA product (Figure 2.11).  Such high affinity binding requires 

extensive interactions between both the N-terminal and C-terminal domains and the 

bound DNA.  In particular, isolated N-terminal domains of both E. coli MutY
118

 and 

hMYH (E.A.T., unpublished) exhibit a marked reduction in affinity for abasic product.  

Furthermore, the isolated E. coli MutY C-terminal domain has no intrinsic affinity for 

DNA
146

.  Thus, high affinity binding requires successful positioning of both domains 

simultaneously on DNA.  If the creation of the SpMyh1-Chimera retains wild type abasic 

product affinity, some deficit in substrate recognition must explain the severe catalytic 

defect.  In fact, our data show that SpMyh-Chimera binds undamaged DNA with 

abnormally high affinity (Figure 2.11 and Figure 2.12).  This gain of function (i.e. non-

specific DNA binding) relative to the wild type enzyme was unexpected and suggests an 

active role for the IDC in promoting catalysis.  It appears that the extra length of the IDC 

might be required to properly orient the catalytic and C-terminal domains on substrate 

DNA to optimize the contacts required for preferential binding to an 8-oxoG/A mispair.  

The fact that SpMyh1-Chimera catalyzes the glycosylase reaction poorly with the radical 

change in DNA-binding behavior suggests that the process of encountering the lesion 

might be impaired.  In effect, the SpMyh1-Chimera might spend far more time engaged 

with undamaged DNA than the wild type enzyme, and perhaps as a result only 

infrequently recognizes 8-oxoG/A mispairs.  These data provide an additional potential 

explanation for the presence of large insertions (41 residues in hMYH, 34 residues in 

SpMyh1) in eukaryotic IDCs.  The IDCs provide an accessible platform for protein-

protein interactions while at the same time retaining the ability to help orient the N- and 
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C-terminal domains for catalysis.  Satisfying these simultaneous constraints likely 

necessitated the large insertions observed in eukaryotic IDCs rather than the more modest 

changes observed in the N- and C- terminal domains.   

Here we demonstrate for the first time that the eukaryotic MYH IDC is not merely 

an inert tether that connects the catalytic and C-terminal 8-oxoG recognition domains, but 

rather it is essential for the in vitro and in vivo functions of MYH.  Our work provides 

insight into how protein interactions of modest affinity, such as that between MYH and 

9-1-1, can modulate BER and play an important role in mutation avoidance.  Even slight 

changes to the MYH IDC can diminish the ability of the enzyme to mitigate the 

mutagenic potential of oxidative DNA damage in vivo.  Despite relatively modest 

structural differences between the eukaryotic IDCs and prokaryotic linker regions, the 

hMYH IDC provides an ideal “docking station” for 9-1-1 (and APE1), a feature which 

distinguishes eukaryotic MYH from prokaryotic MutY.  Of clinical value, our work 

provides the first structural and biochemical data to implicate impaired cell-signaling as 

another possible mechanism underlying the mutagenic potential of some hMYH mutants 

in MAP patients. 

 

2.5 MATERIALS AND METHODS 

2.5.1 Creation of expression constructs.  The sequences of all constructs were 

verified before undertaking subsequent experiments. 

hMYH(65-350).  Primers C4F-B and R-EC5 (all of the oligonucleotides used are 

listed in Table A2.1) were used to amplify the hMYH(65-350) region of the hMYH gene 

from template pET11a-hMYH22.  The hMYH(65-350) polymerase chain reaction (PCR) 
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product was cleaved by NdeI and XhoI and ligated into a modified pET-19b vector 

(Novagen) with an N-terminal decahistidine tag and a PreScission Protease cleavage site. 

SpMyh1-I261A/E262Q double mutant.  The I261A/E262Q double mutant of 

the Spmyh1
+
 gene was constructed by the PCR splicing overlap extension method

204
.  

Primers CHANG219/Sp-IA-E262Q-R and Sp-IA-E262QF/CHANG220 were used to 

amplify the N-terminal and C-terminal regions of the Spmyh1+ gene from template 

pET11a-SpMyh1-IA39.  Next, both purified PCR products were used as templates for 

another PCR reaction with the CHANG219 and CHANG220 primers.  The final PCR 

products were cleaved by NdeI and BamHI, and ligated into the NdeI-BamHI-digested 

pET11a vector (EMD Biosciences).  This parent construct served as the starting point for 

the subcloning of the SpMyh1-IA/EQ double mutant into a bacterial expression vector for 

production of the glutathione S-transferase (GST)-tagged mutant and subcloning into the 

yeast expression vector pREP41X (American Type Culture Collection).  The primers 

used for creation of these constructs are listed in Table A2.1. 

GST-SpRad9, SpRad1, and SpHus1.  The cDNA fragments containing SpRad9, 

SpRad1, and SpHus1 fused to the GST gene were obtained by PCR using the primers 

listed in Table 2.4 and templates pET21a-SpRad9, pET21a-SpRad1, and pET21a-

SpHus138, respectively.  The PCR products were digested with BamHI and ligated into 

the BamHI-digested pGEX-4T-2 vector (Amersham Biosciences, Inc.). 

SpMyh1 peptide corresponding to residues 245 to 293 (SpHIP).  The SpHus1 

binding region in SpMyh1 has been mapped between residues 245 to 293
164

.  To express 

this SpHus1 interacting peptide (SpHIP), the Spmyh1
+
 cDNA fragment coding residues 

245 to 293 was amplified by PCR from full-length cDNA template, pSPMYH19
121

 with 
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primers SpMYH245-Xho and SpMYH245-Bam, and ligated into p4X-G which contains 

a coding sequence of green fluorescence protein (GFP)
205

.  Spmyh1
+
 cDNA coding 

residues 245-293 was also synthesized by PCR with primers SpMYH245-Xho-ATG and 

SpMYH245-His-Xma and ligated into pREP41X. 

MBP-SpMyh1-WT and MBP-SpMyh1-Chimera.  Primers TOTH382/SpMyh-F 

and TOTH371/SpMyh-R were used to amplify the Spmyh1
+
 gene from template pET11a-

SpMyh1.  The PCR product was digested with KpnI and BamHI and ligated into a KpnI-

BamHI-digested dual N-terminal hexahistidine (His6) –maltose binding protein (MBP) 

pLM303 fusion vector.   

The SpMyh1-Chimera construct was derived from pET11a-SpMyh1.  First, the 

QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) was used to create a SalI 

restriction enzyme cut site within the Spmyh1
+
 gene using primers, SpMyh-Sal-F and 

SpMyh-Sal-R.  The SalI site was created immediately 3′ to the segment of DNA that 

encodes for the SpMyh1 IDC region and immediately 5′ to the segment of DNA that 

encodes for the SpMyh1 C-terminal domain.  The pET11a-SpMyh1-SalI mutagenesis 

product was digested with NdeI and SalI and the digested DNA fragment containing the 

pET11a vector and the DNA encoding for the C-terminal domain of SpMyh1 (pET11a-

CTDSpMyh1) was gel purified.  Simultaneously, PCR was completed to amplify DNA 

containing a 5′-NdeI cut site and the 5′-end of the Spmyh1
+
 gene up to the beginning of 

the section of DNA that encodes for the SpMyh1 linker region with primers SpMyh-NdeI 

and SpMyh-SalI.  The SpMyh-SalI primer used in the PCR reaction included DNA to 

synthesize the specified section of Spmyh1
+
, the E. coli MutY linker region, and a SalI 

cut site.  This PCR product was digested with NdeI and SalI and ligated into the NdeI-
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SalI digested pET11a-CTDSpMyh1.  Using the QuikChange XL Site-Directed 

Mutagenesis Kit (Stratagene) and primers, SpCHIM-Sal-to-Nat-F and SpCHIM-Sal-to-

Nat-R, mutagenesis was completed again to remove the SalI site.  The pET11a-SpMyh1-

Chimera construct was used as a template for subcloning into the pLM303 vector. 

2.5.2 Protein purification. 

hMYH(65-350).  hMYH(65-350) was overexpressed in E. coli Rosetta™2(DE3) 

(Novagen) cells. Following cell lysis, the supernatant was loaded onto a nickel-sepharose 

(GE Healthcare) affinity column in buffer containing 50 mM Na2HPO4 pH 8.0, 300 mM 

NaCl, and 10 mM imidazole.  After washing, the protein was eluted from the column 

with 250 mM imidazole and then dialyzed at 4°C overnight in buffer containing 20 mM 

KH2PO4 pH 7.4, 300 mM KCl, and 1 mM dithiothreitol (DTT).  Subsequently the protein 

solution was dialyzed for 2 hours in a low-salt buffer (50 mM KCl).  hMYH(65-350) was 

further purified with a Q-sepharose anion-exchange column (GE Healthcare) using a salt 

gradient of 0.05 - 1 M KCl.  Most of the protein was retrieved from the flow through and 

wash.  To lower its conductivity, the collected hMYH(65-350) was diluted in a 1:1 ratio 

with 20 mM KH2PO4 pH 7.4 and 1 mM DTT.  Heparin-sepharose affinity 

chromatography (GE Healthcare) was used for the final purification step and the column 

was developed with a salt gradient of 0.05 – 1 M KCl.  Peak fractions were pooled 

together and incubated with PreScission Protease (GE Healthcare) according to the 

manufacturer’s instructions resulting in complete removal of the decahistidine tag.  The 

protein was dialyzed at 4°C overnight in buffer containing 50 mM Tris-HCl pH 7.5, 300 

mM NaCl, 1 mM EDTA, and 1 mM DTT.  Purified hMYH(65-350) was concentrated to 

~8 mg ml−1 and stored at - 80 °C. 
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SpMyh1-Wild Type, -I261A, and -I261A/E262Q.  The non-tagged wild type 

and mutant SpMyh1 proteins were purified according to the described procedures
121

. 

MBP-SpMyh1-WT and MBP-SpMyh1-Chimera.  The MBP-SpMyh1-WT 

fusion protein was overexpressed in E. coli Rosetta-2(DE3) (Novagen) cells.  Following 

cell lysis in the presence of Benzonase (Novagen) nuclease, polyethyleneimine (PEI) was 

added to the supernatant to a final concentration of 1% (v/v) to precipitate contaminating 

nucleic acids.  A partial protein purification step was completed with the addition of 

ammonium sulfate to a final concentration of 30% (w/v) to precipitate a subset of the 

contaminants.  Next, ammonium sulfate was added to the remaining solution to a final 

concentration of 50% (w/v) to precipitate MBP-SpMyh1-WT.  The precipitated protein 

was resuspended in Buffer T (20 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM β-

mercaptoethanol (BME), 0.1 mM EDTA, and 0.1% Triton X-100).  After a two-hour 

dialysis step in Buffer T, the protein was loaded onto an amylose-sepharose (New 

England Biolabs) affinity column.  After washing, the protein was eluted from the 

column with Buffer T containing 10 mM maltose.  To reduce the ionic strength of the 

eluted protein sample, it was diluted with Buffer H (20 mM KH2PO4 pH 7.5, 1 mM DTT, 

0.2 mM phenylmethylsulfonyl fluoride (PMSF), 10% glycerol, and 0.1% Triton X-100).  

A heparin-sepharose (GE Healthcare) affinity column was used for the final purification 

step using a salt gradient of 0.05 – 0.6 M KCl.  The peak fractions were pooled, filtered, 

and stored at - 80 °C.   

The purification protocol for the MBP-SpMyh1-Chimera fusion protein began the 

same way as the protocol used for the MBP-SpMyh1-WT fusion protein.  However, after 

the two-hour dialysis in Buffer T, MBP-SpMyh1-Chimera was loaded onto a 
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diethylaminoethyl (DEAE) cellulose (Whatman) anion exchanger column in-tandem with 

the amylose-sepharose (New England Biolabs) affinity column.  The DEAE column was 

used here to bind any remaining contaminating nucleic acids.  After a thorough wash 

step, the DEAE column was removed and the protein was eluted from the amylose 

column with Buffer T containing 10 mM maltose.  To reduce the ionic strength of the 

eluted protein sample, it was diluted with Buffer S (25 nM HEPES pH 7.5, 1 mM DTT, 

0.25 mM EDTA, 1% glycerol, and 0.1% Triton X-100).  At this point, the protein was 

loaded onto an SP-sepharose (GE Healthcare) cation exchanger column.  The column 

was developed with a salt gradient of 0.05 – 1.0 M NaCl.  The peak protein fractions 

were dialyzed for two hours in Buffer Q (20 mM KH2PO4 pH 7.5, 50 mM KCl, 1 mM 

DTT, and 0.1% Triton X-100).  The final purification step employed anion exchange 

using a Q-sepharose (GE Healthcare) anion exchanger column.  The Q-sepharose column 

was developed with a salt gradient of 0.05 – 0.6 M KCl.  The purified protein was 

concentrated to about 1.5 mg/ml, filtered, and stored at - 80 °C. 

2.5.3 Yeast expression. 

S. pombe strains and growth.  Yeast strains used in this study are listed in Table 

2.3.  Standard procedures and media were used for culture growth, transformation, and 

genetic analysis
206

.  Yeast cells were grown in yeast extract-peptone-dextrose (YPD) 

medium for regular maintenance.  For specific selection and mutation frequency 

measurements, cells were grown in Edinburgh Minimal Medium (EMM) with 

supplements as indicated. 

Expression of the SpMyh1-I261A/E262Q mutant in Spmyh1 knockout cells.  

A clone containing the Spmyh1 gene (pREP41X-SpI261A/E262Q) was confirmed by 
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DNA sequencing and transformed into Spmyh1 knockout cells, JSP303-Y4 (myh1Δ)
184

 

by electroporation.  Transformed cells acquired a Leu
+
 phenotype and were selected on 

Leu
-
 yeast nitrogen base (YNB) agar plates.  The pREP41X expression vector contains 

the nmt1 promoter that can be regulated with varying concentrations of thiamine; 

transcription at the nmt1 promoter is almost completely suppressed in the presence of 5 

μg/ml of thiamine. 

Expression of GFP- and His-tagged SpHIP.  DNA from a confirmed GFP-

SpHIP clone was incorporated via electroporation into the cells of BM2681 or the Hus1-

MYC strain while DNA from a confirmed His-SpHIP clone was incorporated into 

TMN3309.  Transformed GFP-SpHIP cells acquired a Ura
+ 

phenotype and were selected 

on Ura
-
 YNB agar plates.  Meanwhile, transformed His-SpHIP cells acquired a Leu

+ 

phenotype and were selected on Leu
-
 YNB agar plates. 

The transcription of GFP-tagged and His-tagged SpHIP in the expression vectors 

p4XG and pREP41X, respectively, is controlled by the thiamine-regulated nmt1 

promoter.  Yeast cells were grown in EMM media to A600 ≈0.6 in the absence or presence 

of 5 μg/ml of thiamine.  Cells were harvested and lysed as described
184

.  The GFP-SpHIP 

product encoded by the sequences in p4XG was detected by antibodies against either 

SpMyh1 or GFP.  Expression of His-tagged SpHIP in yeast cells was confirmed by 

Western blot analysis with polyclonal antibodies against full-length SpMyh1 as 

previously described
188

. 

2.5.4 hMYH(65-350) crystallization and structure determination.  hMYH(65-350) 

crystals grew within 1 day using sitting drop trays in a buffer containing 0.2 M 

magnesium acetate, 20% (v/v) polyethylene glycol (PEG) 3350, 5 mM Tris[2-
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carboxyethyl]phosphine (TCEP), 5% glycerol, and 10 mM spermidine.  The 

crystallization buffer was supplemented with glycerol to a final concentration of 20% 

(v/v) for cryoprotection.  The crystals are primitive monoclinic (P21) with cell 

dimensions a = 60.31 Å, b = 82.17 Å, c = 63.46 Å, β = 100.9, and contain a dimer in the 

asymmetric unit.  X-ray diffraction data were collected at beamline X6A in the National 

Synchrotron Light Source of the Brookhaven National Laboratory.  The images were 

processed and scaled using the HKL2000 program suite
207

.  The [4Fe-4S] cluster within 

hMYHΔC5 enabled collection of single-wavelength anomalous diffraction (SAD) data at 

the iron absorption edge, 1.65 Å (7.5 keV), to 2.3 Å resolution.  Computational programs 

within the Collaborative Computational Program Number 4 (CCP4)
208

 were used for 

structure determination.  The positions of the two [4Fe-4S] clusters in the asymmetric 

unit were determined by inspection of an anomalous difference Patterson map.  After 

phasing and density modification, the resulting electron density maps were not of 

sufficient quality to allow model building to proceed.  Thus, a combined approach using 

both the experimental phases derived from the iron positions and molecular replacement 

was employed.  The CCP4 program CHAINSAW was used to generate a search model 

from the E. coli cMutY structure.  Two rounds of molecular replacement were needed to 

obtain a solution for both hMYH(65-350) monomers in the asymmetric unit.  Using the 

experimental phases of hMYH(65-350) from MLPHARE and the E. coli cMutY search 

model, one monomer of hMYH(65-350) was found with MOLREP.  The model phases 

from this molecular replacement solution were used to complete rigid body refinement in 

REFMAC.  The resulting model phases were used to initiate a second round of molecular 

replacement in MOLREP.  All model building was carried out with the program COOT.  
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Additional non-crystallographic symmetry (NCS) averaging was performed, using NCS 

operators derived from the correctly placed search model, along with solvent flattening 

and histogram matching using the program DM.  The density-modified phases were used 

as input for restraints for the REFMAC mlhl target function.  Additionally, TLS 

refinement was performed on the catalytic domain and IDC as separate domains.  After 

several rounds of model building and the addition of waters, the Rfree was 25.1% and the 

Rcryst was 20.6%.  The data collection and refinement statistics are presented in Table 2.1.  

Analysis of the Ramachandran plot shows that 94.4% of residues are in the favored 

regions, and 5.6% of residues are in allowed regions.  Figures were made using the 

program PyMol
209

. 

2.5.5 Glycosylase activity assays of S. pombe MYH proteins.  The glycosylase assay 

for purified recombinant SpMyh1 and the SpMyh1(I261A/E262Q) double mutant with an 

8-oxoG/A-containing DNA substrate was described previously
121

.  The DNA substrate 

was a 20 base-pair duplex DNA containing a central 8-oxoG/A mismatch.  The SpRad9-

Rad1-Hus1 complex was purified as described
164

.  The glycosylase assay for purified 

SpMyh1-Chimera followed the same protocol except that the glycosylase reaction was 

performed at 25°C instead of 30°C. 

Glycosylase assay of hMYH(65-350).  The glycosylase assay for purified 

recombinant hMYH(65-350) was similar to the assay described previously
43

, except a 

different DNA substrate and incubation times were used.  The DNA substrate was a 20 

base-pair duplex DNA containing a central 8-oxoG/A mismatch.  The DNA strand 

containing the adenine was 5′-labeled with fluorescein (IDT).  The hMYH glycosylase 
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reaction mixtures were incubated for 30 minutes at 37°C.  The reactions were stopped by 

heating the samples for 30 minutes at 90°C with NaOH to a final concentration of 0.1 M. 

2.5.6 GST pull-down assay.  Expression, immobilization of the GST fusion constructs, 

and the GST-pull-down assay were similar to the procedures described previously
195

.  E. 

coli (BL21Star/DE3) cells (Stratagene) harboring the expression plasmids were cultured 

in Luria-Bertani broth containing 100 μg/ml ampicillin at 25°C.  Protein expression was 

induced as described above.  The cell paste from a 0.5-liter culture was lysed and extracts 

were immobilized onto glutathione-Sepharose 4B (GE Healthcare).  A control was run 

concurrently with immobilized GST alone.  After washing, the pellets were fractionated 

on a 10% (for His-tagged SpHus1) or 20% (for SpHIP) SDS polyacrylamide gel and 

transferred to a nitrocellulose membrane.  Western blot analyses were performed with 

antibody against His-tag (sc-8036, Santa Cruz Biotechnology) or SpMyh1
184

. 

2.5.7 Co-immunoprecipitation of GFP-SpHIP with SpHus1 protein.  GFP-SpHIP 

expressed in Hus1-MYC cells was precipitated by an anti-GFP antibody.  Extracts (1 mg) 

derived from S. pombe cells expressing GFP alone or GFP-SpHIP were precleared by 

incubation with protein A Sepharose (50 μl) in PBS with protease inhibitors 

(Sigma/Aldrich) for 4 hours at 4°C.  After removal of the beads, the supernatant was 

mixed with 4 μl of monoclonal anti-GFP antibody (Abcam) for 16 hours at 4°C.  Then, 

protein A Sepharose (50 μl) was added to precipitate GFP-SpHIP.  After centrifugation at 

1,000 x g, the supernatant was collected and the pellet was washed.  Both the supernatant 

(10% of the total volume) and pellet fractions were resolved on a 12% SDS-PAGE gel.  

The Myc-tagged SpHus1 that co-precipitated with GFP-SpHIP was verified by Western 

blot analysis c-Myc antibodies (Santa Cruz Biotechnology). 
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2.5.8 Measurement of mutation frequency.  A clone containing the Spmyh1 gene 

(pREP41X-SpI261A/E262Q) was transformed into Spmyh1 knockout cells, JSP303-Y4 

(myh1Δ)
184

, by electroporation.  Five independent yeast colonies were grown to late log 

phase in EMM containing 0.1 mg/ml uracil.  Additional amino acids were supplemented 

for the wild-type- (0.1 mg/ml Leu and His) and myh1Δ- (0.1 mg/ml Leu) strains.  Each 

culture was plated onto EMM agar plates containing 1 mg/ml 5-fluoro-orotic acid (FOA) 

and 0.1 mg/ml uracil.  FOA-resistant colonies were counted after five days of growth.  

The cell titer was determined by plating 0.1 ml of a 10
-4

 dilution onto plates without 

FOA.  The mutation frequency was calculated as the ratio of FOA-resistant cells to total 

cells.  The measurement was repeated at least three times to ensure reproducibility. 

2.5.9 H2O2 treatment.  For hydrogen peroxide (H2O2) treatment, 1.0 ml of an 

overnight yeast culture grown in EMM containing 5 μg/ml of thiamine was added to 20 

ml of EMM medium in the absence or presence of 5 μg/ml of thiamine.  At an A600 ≈ 0.6, 

2 ml of the culture were aliquoted into 30-ml test tubes followed by addition of H2O2 to 

each aliquot at various concentrations.  After a 30-minute incubation step, the cells were 

pelleted and resuspended in fresh, H2O2-free medium and shaken at 32°C for 1 or 2 

hours.  Cells were diluted 10,000 fold and plated on YPD plates.  The number of colonies 

was scored after 3 days of incubation at 32°C. 

2.5.10 Measurement of the DNA-binding affinity via fluorescence anisotropy.  

Fluorescence anisotropy experiments were performed to measure the affinity of SpMhy1 

or SpMyh1-Chimera for a 20 base-pair duplex DNA substrate containing a centrally 

located abasic site opposite an 8-oxoG nucleotide on the complementary strand.  The 

DNA substrate was prepared by 5′-labeling the strand containing the abasic site with 
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fluorescein (Integrated DNA Technologies).  The binding experiments were conducted as 

described
210

 using 1 nM of labeled DNA.  For SpMyh1, total fluorescence emission 

decreased as a function of added protein concentration requiring that an appropriate 

correction factor
210

 be applied to the measured anisotropies. Relative affinities were 

calculated from the binding isotherms using the program GraphPad Prism version 3.03 

and a variant of the Hill equation
210, 211

: 

 

              [(           ) (
(       ⁄ ) 

   (       ⁄ ) 
)]         

 

where Atotal is the measured anisotropy, ADNA is the inherent anisotropy of the DNA 

substrate, Acomp is the anisotropy of the saturated protein-DNA complex, and h is the Hill 

coefficient.  This equation also estimates the midpoint of the binding isotherm ([P]m), 

which, in the case of a single binding site (i.e. h is constrained to be 1.0), is equivalent to 

the Kd.  To determine the affinity for undamaged DNA, the identical method was used, 

with the exception that the substrate was a 19 base-pair duplex DNA substrate, with a 

centrally located C:G base pair, with one base overhanging at the 5′ end of the DNA 

strand containing guanine. 

2.5.11 Competition Assay.  To determine the substrate specificity of SpMyh1-Chimera, 

we measured the ability of competitor DNA substrates to displace an 8-oxoG/A substrate 

bound to the glycosylase.  We used a fluorescein-labeled 20-base pair duplex DNA with 

a centrally located 8-oxoG/A mispair.  The strand containing the adenine was 5′-labeled 

with fluorescein (IDT).  The experiments also required the use of unlabeled 20-base pair 

duplex DNA substrates with either a centrally located C:G pair or an 8-oxoG/A mispair.  

Reaction samples included 150 nM of either SpMyh1-Chimera or MBP-SpMyh1-WT, 1 

nM of the 5′-fluorescein-labeled 20-base pair duplex DNA, and either the C:G or 8-
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oxoG/A unlabeled 20-base duplex DNA substrate over a range of concentrations (0-1000 

nM) (Figure 2.8d).  The reaction samples were pre-incubated at 25°C in low ionic 

strength buffer for 30 minutes to allow the samples to reach equilibrium before 

measuring 8-oxoG/A binding to SpMyh1-Chimera or MBP-SpMyh1-WT in the presence 

of the unlabeled duplex DNA competitor with either the C:G pair or 8-oxoG/A mispair.  

The measured anisotropy values were analyzed as a function of competitor DNA 

concentration, similar to what was described
210

.  Plots were made of anisotropy versus 

competitor concentration to measure apparent inhibition constants (Ki,app) for the 

competitor DNA substrates. The Ki,app measurements were calculated using the 

equation
210

: 

 

              
    

   (         ⁄ )
 

 

Where Atotal is the measured anisotropy, ADNA is the anisotropy of the labeled DNA alone, 

Amax is the maximum observed anisotropy shift (i.e. in the absence of competitor DNA), 

and [I] is the concentration of the competitor DNA.  The Ki,app measurements estimate 

what concentrations of competitor DNA are needed to achieve half-maximal binding to 

SpMyh1-Chimera or MBPSpMyh1-WT. 
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Chapter 3: Coordination of the initial steps of MYH-directed base excision repair by 

APE1 and the Rad9-Rad1-Hus1 checkpoint complex  

 

3.1 ABSTRACT 

 MutY homologue (MYH) is a DNA glycosylase that can initiate base excision 

repair (BER) by removing adenine bases that have been misincorporated opposite 7,8-

dihydro-8-oxoguanine (8-oxoG) and guanine.  Base excision by MYH results in an 

apurinic/apyrimidinic (AP) site in the DNA, while the DNA sugar-phosphate backbone 

remains intact.  A key feature of MYH activity is its physical interaction and coordination 

with AP endonuclease I (APE1), which cleaves the substrate DNA strand 5' to the AP site 

as the next step in BER.  Passing of the AP-DNA product from MYH to APE1 must be a 

seamless process to protect cells from the potentially cytotoxic and mutagenic effects of 

AP sites.  The interdomain connector (IDC) of human MYH (hMYH) maintains 

interactions with human APE1 (hAPE1) and the human Rad9-Rad1-Hus1 (9-1-1) 

complex.  The hAPE1-binding site of hMYH has been mapped; however the hMYH-

binding site of hAPE1 has not yet been determined.  In this study, we used heteronuclear 

spin quantum coherence (HSQC) NMR titration experiments to gain insight about the 

physical interaction between hMYH and hAPE1.  Chemical shift perturbations indicate 

that the hMYH IDC binds to the DNA-binding site of hAPE1.  Consistent with this 

observation, our current hypothesis is that hMYH transfers AP-DNA to hAPE1 and 

makes physical contacts with the hAPE1-DNA-binding site as it passes along the DNA-

repair intermediate.  In addition, we have further characterized the hMYH/hAPE1 

interaction and found that V315 of hMYH, a highly conserved residue in the IDC, is not 

essential for the hMYH/hAPE1 interaction.  In contrast, it has been shown that mutation 
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of V315 to alanine of hMYH attenuates the hMYH/h9-1-1 interaction
164

, distinguishing 

the two hMYH-protein interactions from each other.  Finally, additional studies with 

hMYH and V315A-hMYH unexpectedly showed that h9-1-1 promotes the 

hMYH/hAPE1 interaction.  This is consistent with a common theme in BER, namely that 

the assembly of protein-DNA complexes enhances repair by efficiently coordinating 

multiple enzymatic steps while simultaneously minimizing the development of 

potentially harmful repair intermediates.        

 

3.2 INTRODUCTION 

 Reactive oxygen species (ROS) of endogenous and environmental origin, ionizing 

radiation, alkylating agents, and other toxins continuously cause single-base 

modifications in genomic DNA
180

.  Base excision repair (BER) is the major pathway that 

protects the genome from the mutagenic and cytotoxic effects of such nucleobase 

damage
212

.  Damage-specific DNA glycosylases initiate BER by cleaving the N-

glycosidic bond between the damaged base and the sugar-phosphate backbone, creating 

an apurinic/apyrimidinic (AP) site in the DNA
183

.  Universal repair enzymes take over to 

complete repair with synthesis of either a single-nucleotide (SN) patch
60

 or a long-patch 

(LP)
70

, consisting of 2-13 nucleotides.  Regardless of whether SN- or LP-BER ensues, 

AP endonuclease 1 (APE1) is an essential enzyme that processes repair-intermediates in 

both BER subpathways
183

.   

7,8-dihydro-8-oxoguanine (8-oxoG), generated by the oxidation of guanine, is one 

of the most prevalent oxidative lesions and is repaired by BER
1
.  Problematically, 

replicative polymerases preferentially misincorporate adenine as its base pair partner if 
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DNA replication takes place before its repair.  Then, both bases of the resultant 8-oxoG/A 

mispair must ultimately be converted back to the original G:C pair by sequential BER 

processes.  Human MutY homologue (hMYH) is the DNA glycosylase responsible for 

excising adenines in these 8-oxoG/A lesions, thus reducing C:G to A:T mutations.  

Notably, biallelic, germline mutations of hMYH cause the colorectal cancer 

predisposition syndrome, MYH-associated polyposis (MAP)
117

 and the identification of 

MAP established the first connection between inherited BER defects and cancer
3
. 

The AP-sites generated by DNA glycosylases are potentially cytotoxic and 

mutagenic as they lack base coding information and can cause single-strand breaks in the 

DNA.  To protect against the dangers of free AP-sites in DNA, many glycosylases remain 

tightly bound in a product complex to the AP-DNA until APE1 is recruited to continue 

BER
213

.  Surprisingly, hMYH and hTDG are the only two DNA-glycosylases that 

physically interact with hAPE1
13, 212, 214

.    As nine of the eleven known mammalian 

glycosylases
9
 do not physically interact with APE1, additional proteins may be required 

for the safe transfer of AP-DNA to APE1.  Proliferating cell nuclear antigen (PCNA) and 

flap endonuclease 1 (FEN1), LP-BER enzymes, also physically associate with hAPE1
215

, 

suggesting that APE1 might be a central coordinator of BER.  However, PCNA also 

interacts with a multitude of enzymes including LP-BER enzymes hMYH
13

, DNA 

polymerases β
88

, δ, and ε, replication factor C, FEN1, and DNA ligase I
166, 216

, 

implicating its role as a potential coordinator and regulator of LP-BER as well.  Finally, 

the heterotrimeric Rad9-Rad1-Hus1 (9-1-1) complex is a checkpoint response protein and 

DNA clamp that shows striking structural similarity to PCNA
171-173

.  9-1-1 also 

physically interacts with many LP-BER enzymes including hMYH
164

, hTDG
126

, 
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hAPE1
217

, polymerase β
218

, FEN1
219, 220

, and Lig1
221, 222

 and therefore is also poised as a 

likely candidate to coordinate the enzymatic steps of BER.      

 Previously, co-immunoprecipitation of HeLa cell nuclear extracts showed that 

hMYH interacts with hAPE1
13

, and residues 295 – 318 of the flexible interdomain 

connector (IDC) of hMYH
162

 have been mapped as the hAPE1-binding site
13

.  Yang et al. 

reported that the presence of 100-fold excess of hAPE1 stimulated the glycosylase 

activity of truncated murine MYH (mMYHΔN) by promoting the formation of the MYH-

substrate DNA complex.  However, this finding remains controversial as Pope et al. 

reported that a 20-fold excess of hAPE1 did not significantly enhance the DNA-binding 

affinity of intact mMYH.  Therefore, the effect that hAPE1 has on the DNA-binding 

affinity of MYH enzymes must be examined more closely.   

Here, we report that hMYH physically interacts with hAPE1 at its DNA-binding 

site and we propose this interaction occurs physiologically during the transfer of AP-

DNA from hMYH to hAPE1.  We hypothesize that the physical interaction between 

hMYH and hAPE1 is mutually beneficial, enhancing the DNA-binding affinities and 

enzymatic efficiencies of both enzymes.  Finally, GST-pulldown assays show that human 

Hus1 (hHus1) of the 9-1-1 complex enhances binding between hMYH and hAPE1.  The 

possibility exists that 9-1-1 may coordinate safe and efficient BER by assembling hMYH, 

hAPE1, and other enzymes as a multiprotein complex on damaged DNA.      

 

3.3 RESULTS 

3.3.1 The hMYH interdomain connector physically interacts with the DNA-

binding site of hAPE1.  APE1 associates with a number of BER proteins via both 
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physical and functional interactions (reviewed by Fan and Wilson
212

).  However, their 

protein-binding sites on APE1 have not been identified.  Manvilla et al.
223

 recently 

published the backbone chemical shift assignments for residues 39-318 of hAPE1 

(hAPE1
∆N38

).  Although the first 38 residues at the N-terminus of hAPE1 were not 

assigned, these residues are disordered and are not needed to maintain the AP 

endonucleolytic activity of APE1
224, 225

.  The chemical shift assignments of hAPE1
∆N38

 

have enabled us to complete NMR titration experiments to examine chemical shift 

perturbations of hAPE1
∆N38

 in the presence of the hMYH interdomain connector (IDC) 

peptide, residues 293 – 351 of hMYH. 

The APE1-binding site of hMYH has been mapped to include residues 295-318
13

 

of hMYH.  Residues 295-318 are at the N-terminus of the hMYH IDC domain and our 

recent crystal structure of hMYH(65-350) shows that the IDC provides an ideal scaffold 

for proteins to interact with hMYH
162

.  With this information in hand, we sought to gain 

insight about the hMYH-binding domain on hAPE1 by performing NMR experiments of 

15-
N-labeld hAPE1

∆N38
 with the addition of an increasing molar ratio of a peptide 

corresponding to the IDC of hMYH.   

Solid-phase chemical synthesis was used to synthesize the IDC peptide (residues 

293-351 of hMYH).  Both hAPE1
∆N38

 and the IDC peptide were thoroughly equilibrated 

in the same preparation of NMR buffer to eliminate changes in pH or ionic strength as 

causes of chemical shift perturbations during our NMR experiments.  As described in the 

Materials and Methods section, we collected heteronuclear spin quantum coherence 

(HSQC) data at 25°C to examine the amide proton (
1
H) and nitrogen (

15
N) chemical 

shifts of hAPE1
∆N38

.  Each HSQC spectrum was collected for NMR samples containing 
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200 μM of hAPE1
∆N38

.  A control HSQC was collected using hAPE1
∆N38

 alone.  

Subsequent spectra were collected with the addition of the IDC peptide in a molar ratio 

with hAPE1
∆N38 

of 1:1, 2:1, 4:1, and 8:1 which corresponds with 200, 400, 800, and 1600 

μM of the IDC peptide, respectively. 

An overall assessment of the HSQC spectra shows that the IDC peptide produces 

chemical shift perturbations in the NMR spectra of hAPE1
∆N38

.  Figure 3.1 overlays a 

portion of the spectra from the five HSQC experiments and highlights the chemical shift 

perturbations of residue N212 of hAPE1
∆N38

.   

 

Figure 3.1: 

 

 

 

 

 

Figure 3.1: NMR Titration Experiment of 
15-

N-hAPE1
∆N38

 with the hMYH IDC peptide.  The HSQC 

of five NMR spectra of hAPE1
∆N38 

are overlaid.  The control experiment of hAPE1
∆N38

 (200 μM) alone is 

shown in red.  Additional NMR spectra were collected in the presence of increasing amounts of the hMYH 

IDC peptide.  The spectra for hAPE1
∆N38

 and the IDC peptide in molar ratios of 1:1 (orange), 1:2 (green), 

1:4 (blue), and 1:8 (purple) are shown.  Residue N212 is located at the DNA-binding site of hAPE1
∆N38

 and 

also interacts with the hMYH IDC peptide as shown by the significant chemical shift perturbations.   
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Figure 3.2 includes residue Q137 as well and shows the NMR spectrum for the 

control experiment of hAPE1 
∆N38

 alone in black and the 2:1 IDC: hAPE
∆N38

 spectrum in 

red.  The weighted chemical shift perturbations of hAPE1
∆N38

 in the presence of 2-fold 

molar excess of the IDC are tabulated for nine residues (Table 3.1).  These residues are 

some of the residues most affected by the presence of the IDC and demonstrated 

significant chemical shift perturbations at a 2:1 molar ratio of the IDC to hAPE1
∆N38

.  

Residues N212 and G231 showed significant perturbations at even a 1:1 ratio of peptide 

to hAPE1
∆N38

 (data not shown).  Of note, the weighted chemical shift perturbations 

utilize a scaling factor to take into account the magnetogyric ratios of the nitrogen and 

hydrogen nuclei which is further described in the Materials and Methods section. 

 

Figure 3.2: 

 
 

 

 

Figure 3.2: The HSQC spectra of 
15-

N-hAPE1
∆N38 

from two NMR experiments are overlaid.  The 

control experiment of hAPE1
∆N38

 (200 μM) alone is shown in black and the 2:1 IDC to hAPE1
∆N38

 spectra, 

completed with 400 μM of the IDC and 200 uM of hAPE1
∆N38

, is shown in red.  Residues N212 and Q137 

are indicated.   
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Table 3.1:  

Residue 
15-

N (ppm), 

Control 

15-
N (ppm), 

2:1 Spectra 

1-
H (ppm), 

Control 

1-
H (ppm), 

2:1 Spectra 

Chemical Shift 

Perturbation 

N212 117.748 117.682 8.951 8.936 0.0164 

C138 127.542 127.463 8.806 8.819 0.0152 

G231 117.904 117.858 6.068 6.081 0.0138 

H116 123.647 123.54 7.782 7.775 0.0128 

Q137 117.861 117.881 8.507 8.519 0.0122 

Q117 123.293 123.330 7.817 7.827 0.0107 

W280SC 131.442 131.489 9.905 9.913 0.0093 

E216 117.648 117.600 9.666 9.662 0.0062 

V172 130.398 130.379 7.826 7.822 0.0044 

 

 

Using the apo-hAPE1(36-318) (PDB ID: 1BIX) and the AP-DNA-hAPE1(40-

318) (PDB ID: 1DE8) crystal structures by Gorman et al.
226

 and Mol et al.
225

, 

respectively, we mapped the hAPE1 residues that shifted the most in the presence of the 

IDC peptide during our NMR experiments (Figure 3.3a).  Intriguingly, many of the 

residues that interact with the IDC are at the DNA-binding site of hAPE1.  The 

catalytically important residue H309 (cyan), although it is not perturbed by IDC binding, 

is also indicated in the figure to highlight that many of the residues that physically 

interact with the IDC peptide surround this essential residue. 

Of note, four residues not at the DNA-binding site of hAPE1 also showed 

significant chemical perturbations with low amounts of the IDC peptide (Figure 3.3b).  

Residues H116, Q117, Q137, and C138 shifted in the 2 IDC: 1 hAPE1
∆N38 

spectrum. 

Table 3.1: Weighted chemical shift perturbations of hAPE1
ΔN38

 residues from the 2:1 IDC to 

hAPE1
ΔN38

 HSQC spectra compared to the control experiment with hAPE1
ΔN38

 alone.  The residues 

are listed in order from greatest to lowest weighted chemical shift perturbations.  These residues are some 

of the residues that are most affected by the presence of the IDC and demonstrated significant chemical 

shift perturbations at a 2:1 molar ratio or lower of the IDC to hAPE1
∆N38

.   
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Figure 3.3a 

  

Figure 3.3a: The hMYH interdomain connector physically interacts with the DNA binding site of 

hAPE1.  The apo-hAPE1(36-318) (PDB ID: 1BIX) and the AP-DNA-hAPE1(40-318) (PDB ID: 1DE8) 

crystal structures by Gorman et al. and by Mol et al., respectively, were used to map hAPE1 residues that 

shifted the most in the presence of the IDC peptide during our NMR experiments.  Many of the hAPE1 

residues that interact with the IDC are at the DNA-binding site.  Residues N212 and G231 are shown in 

white and experienced significant chemical shift perturbations at even a 1:1 molar ratio of IDC to 

hAPE1
∆N38

.  Residues W67, V69, Y171, V172, N174, W280, and L282 are shown in blue and showed 

significant chemical shift perturbations starting at a 2:1 ratio of IDC to hAPE1
∆N38

.  Residues D70, K78, 

Q95, S100, and A230 also exhibited chemical shift perturbations beginning at a 4:1 ratio of IDC to 

hAPE1
∆N38

.  Residue H309 (cyan), catalytically essential for AP endonuclease activity, is also indicated.   
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Figure 3.3b: 

 

 

 

 

3.3.2 The physical interaction between hMYH and hAPE1 is not affected by the 

V315A-hMYH point mutation.  To further characterize the IDC as the hMYH structure 

that mediates the hMYH/hAPE1 interaction, we completed GST-pulldown assays to 

assess the abilities of hMYH(1-350) and V315A-hMYH(1-350) to physically interact 

with hAPE1.  Residue V315 of hMYH is highly conserved across eukaryotic species 

(Valine in humans, and Isoleucine in mouse, rat, and S. pombe) and is important for the 

hMYH/9-1-1 interaction
162, 164

.  The V315A mutation reduces the interaction between 

hMYH and hHus1 of the 9-1-1 complex.  However, shown by our GST-pulldown assays, 

hMYH(1-350) and V315A-hMYH(1-350) interact with hAPE1 to the same extent (Figure 

3.4a).  This suggests that although APE1 and h9-1-1 interact with the IDC of hMYH, the 

Figure 3.3b: The hMYH interdomain connector interacts with residues on the surface of hAPE1 

opposite to its DNA-binding site.  Residues H116, Q117, Q137, and C138 are shown in magenta on the 

opposite face of hAPE1 from its DNA-binding site.  These residues had significant chemical shift 

perturbations in the 2 IDC: 1 hAPE1
∆N38 

spectrum compared with the control spectrum. 
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two protein-protein interactions are different.  A potential explanation is that h9-1-1 and 

hAPE1 may associate with different portions of the IDC.   

 

Figure 3.4a: 

 

 
 

3.3.3 The presence of hHus1 of the 9-1-1 complex enhances the hMYH/hAPE1 

interaction.  As hHus1 and hAPE1 have overlapping interaction domains on hMYH, we 

hypothesized that hHus1 would compete with hAPE1 for binding to hMYH.  We 

predicted that Western blot analysis would show that increasing amounts of hHus1 would 

decrease the amount of hAPE1 pulled down by WT-hMYH(1-350).  Alternatively, we 

surmised that because hHus1 has a decreased affinity for V315A-hMYH, hHus1 would 

not significantly impair hAPE1 binding to the mutant hMYH protein.   

GST-pulldown assays of hAPE1 were performed with hMYH(1-350) and V315A-

hMYH(1-350) beads, in the presence of increasing amounts of hHus1, similar to the 

experiments described above.  Control pulldown reactions were performed with the 

Figure 3.4a: The V315A point mutation does not attenuate the interaction between hMYH and 

APE1.  GST-pull down assays were performed with GST-tagged- WT-hMYH(1-350) (lane 2) or V315A-

hMYH(1-350) (lane 3) protein immobilized to glutathione-sepharose beads.  A control reaction was 

performed using beads with only the GST-tag immobilized (lane 4).  200 ng of APE1 were incubated with 

the beads for 2 hours before thoroughly washing with buffer containing 0.1% NP-40.  Both the supernatant 

(not shown) and the pellets were fractionated by SDS-PAGE and Western blot analysis was performed with 

Anti-hAPE1 antibody (Abcam).  2% input of APE1 is shown as a reference (lane 1).    
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hMYH beads and APE1 in the absence of hHus1.  Other reactions were incubated with 

1:1, 1:5, and 1:10 molar ratios of hAPE1 to hHus1.   

Surprisingly, our hypotheses do not appear to hold true and initial experiments 

suggest that hHus1 actually enhances and stabilizes the hMYH/hAPE1 interaction 

(Figure 3.4b).  For the WT-hMYH(1-350) beads, the overall trend shows that the 

presence of hHus1 increases the amount of hAPE1 that is pulled down.  Of note, there 

was likely a mistake or pipetting error made in one of the reactions with the WT beads 

and replicates of this experiment must be completed.  The reaction sample with a 1:1 

ratio of hAPE1 and hHus1 (Figure 3.4b, lane 4) clearly shows that more hAPE1 was 

pulled down than in the control reaction without hHus1 (lane 3).  However, the reaction 

sample that is supposed to have a 1:5 ratio of hAPE1 and hHus1 (lane 5), pulled down 

less hAPE1 than the sample with the 1:1 ratio; the amount of APE1 pulled down in the 

1:5 sample is comparable to the control.  Then, in the sample with 1:10 hAPE1 to hHus1 

(lane 6), a greater amount of hAPE1 is pulled down again.  The amount of hAPE1 pulled 

down in the 1:10 reaction is similar to the amount pulled down in the 1:1 reaction.  Our 

suspicion is that an error was made during the preparation of one of the reaction samples 

or that the beads were mistakenly loaded onto the gel in the wrong order.    

 As for the samples with the V315A-hMYH(1-350) beads, a clear trend is seen that 

increasing amounts of hHus1 are correlated with an increased amount of hAPE1 binding 

to the V315A-hMYH(1-350) beads.  Interestingly, this effect is not seen until a 5-fold 

excess of hHus1 is present (Figure 3.4b, lane 9).  The V315A-hMYH(1-350) reaction 

with a 1:1 ratio of hAPE1 and hHus1 (lane 8) pulls down a similar amount of hAPE1 as 

the control in the absence of hHus1 (lane 7).  Finally, a 1:10 ratio of hAPE1 to hHus1 
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(lane 10) pulls down a similar amount of hAPE1 as seen with the 1:5 sample; it cannot be 

determined by eye whether or not more hAPE1 is pulled down in the 1:10 sample. 

 

Figure 3.4b: 

 

 APE1   Hus1        WT-hMYH(1-350)          V315A-hMYH(1-350) 

 

 

This experiment should be repeated to address any potential errors that were made 

during these trials.  Furthermore, we would like to repeat the experiment using a His- 

antibody to detect the presence of any hAPE1 and hHus1 that might be pulled down by 

the hMYH beads.  To our benefit, both of the hAPE1- and hHus1- genes were expressed 

with hexahistidine tags which were not removed during protein purification.  

 

3.4 DISCUSSION 

Three key factors enabled us to complete NMR titration experiments with 

hAPE1
∆N38

 and the IDC peptide successfully.  First off, the APE1-binding site on MYH 

Hus1 Hus1 

Figure 3.4b:  hHus1 stabilizes the hMYH/hAPE1 interaction.  GST-pull down assays were performed 

with GST-tagged- WT-hMYH(1-350) (lanes 3 -6) or V315A-hMYH(1-350) (lanes 7-10 ) protein 

immobilized to glutathione-sepharose beads.  200 ng of APE1 (~ 5 pmol) were incubated in each of the 

reactions (lanes 3-10) in the presence of increasing amounts of hHus1.  Reactions shown in lanes 4 and 8 

were incubated with a 1:1 hHus1 to APE1 molar ratio, corresponding to 5 pmol of hHus1.  Reactions in 

lanes 5 and 9 were incubated with a 5:1 molar ratio of hHus1 to APE1, corresponding to 25 pmol of hHus1.  

Lanes 6 and 10 show reactions incubate with 10:1 hHus1 to APE1, corresponding to 50 pmol of hHus1.  

Control pulldown reactions were completed in the absence of hHus1 (lanes 3 and 7).  The reactions were 

incubated with rocking overnight at 4°C and then washed thoroughly with buffer containing 0.1% NP-40 

before completing Western blot analysis with Anti-hAPE1 antibody (Abcam).  Lane 1 shows 1% input of 

APE1 and lane 2 shows 1% input of Hus1.  
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has been identified
13

 to a small number of residues (295 – 318 of hMYH) within the 

relatively unstructured IDC.  This allowed us to obtain a peptide corresponding to the 

protein sequence of the IDC.  Secondly, the backbone chemical shifts of hAPE1
∆N38

 had 

been assigned
223

 and provided us with a useful experimental tool to examine chemical 

shift perturbations of hAPE1
∆N38

 in the presence of a binding-peptide.  Finally, the 

IDC/APE1
∆N38

 complex was small enough that it wasn’t prohibitive in obtaining useful 

NMR data.  This is an issue that would make it difficult to complete the same titration 

experiment with hMYH(65-350), a ~ 32 kDa protein, instead of the IDC peptide which 

has a molecular weight of about 6.5 kDa. 

Prior to this study, despite knowing that APE1 physically interacts with many 

proteins, no specific protein-binding domains on APE1 had yet been discovered.  In this 

report, however, we identified the first protein-interaction site on APE1.  hMYH, via its 

interdomain connector, binds to APE1 at its DNA-binding site.  As APE1 is proposed to 

serve the same role for both hMYH and hTDG – that is, accepting AP-DNA from either 

glycosylase, freeing it to scan the DNA for more lesions to repair – it is very plausible 

that hTDG might also bind at the DNA-binding site of hAPE1.    

The finding that hMYH physically interacts with the DNA-binding site of APE1 

is at once surprising and intriguing.  Although it makes sense that hMYH binds close to 

the active site of hAPE1 to enable the smooth transfer and immediate processing of AP-

DNA, it is unexpected that hMYH might bind so close that it actually occludes DNA 

from the active site.  Further investigation is needed to better understand how hMYH 

positions itself at the active site of hAPE1 to hand over AP-DNA.  To add further to the 

perplexity, as hAPE1 interacts with the interdomain connecter of hMYH, it is unknown 
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how the two globular N- and C- terminal domains of hMYH are disengaged from AP-

DNA.  Co-crystals of hMYH, hAPE1, and AP-DNA would perhaps be the most 

enlightening about this mechanism and would provide insight about whether any major 

conformational shifts in hMYH are required during this process.      

All in all, a better understanding about the interaction between hMYH, APE1, and 

AP-DNA is needed.  APE1 interacts with and stimulates the activity of many LP-BER 

enzymes, including DNA glycosylases, pol β
227

, FEN1
215

, and Lig1
228

, and thus has even 

been proposed to be a central coordinator of BER.  In most cases, APE1 and other AP 

endonucleases have been reported to modulate the activity of its interacting partner, as in 

the stimulation of the enzymatic turnover of many DNA glycosylases
150, 151, 229-231

.  

Alternatively, the opposite case of protein interacting partners modulating APE1 has 

generally not been observed
212

.  

However, based on our findings that hMYH interacts with APE1 at its DNA 

binding site, this might be interpreted in two ways: 1) this is a byproduct of hMYH 

coming close to the active site of hAPE1 as it is transferring over AP-DNA, or 2) the 

hMYH/hAPE1 interaction stimulates the enzymatic efficiency of hAPE1 by enhancing 

formation of the hAPE1/AP-DNA substrate complex.   

 GST-pulldown assays of APE1 with WT-hMYH(1-350) and V315A-hMYH(1-

350) indicated that V315 is not a key residue involved with mediating the hMYH/APE1 

interaction.  However, the same point mutation attenuates the interaction between hMYH 

and Hus1 of the 9-1-1 complex.  Therefore, although APE1 and hHus1 bind to the same 

region of hMYH – that is, its IDC - they interact with hMYH differently.  Also, an 
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additional GST-pulldown experiment afforded us preliminary data that suggests hHus1 

enhances the hMYH/APE1 interaction. 

A prominent theme in BER has been that multiprotein-DNA complexes exist to 

maximize the efficiency of BER and, one or more enzymes serves as a central 

coordinator to mediate the assembly of such complexes.  Because of the large number of 

proteins that interact with both APE1 and the 9-1-1 complex, both proteins have been 

implicated to carry out this role.  However, APE1 has also been reported to have very 

transient interactions with AP-DNA and forms an even more unstable enzyme-product 

complex, rapidly dissociating from cleaved AP-DNA after it carries out its endonuclease 

activity
232

.  It is possible that APE1 also has more transient and low-affinity interactions 

with protein-binding partners as well.  Our inability to complete saturation of NMR 

titration curves at rather high APE1
∆N38

 and IDC concentrations suggest that this, too, is a 

low affinity interaction.  Alternatively, 9-1-1 presumably forms a more a stable complex 

with DNA, as its heterotrimeric ring-structure completely encircles DNA.  Because the 9-

1-1 complex interacts with many BER enzymes and simultaneously is involved with 

DNA-damage response signaling, it may serve as an ideal coordinator, linking the local 

repair of DNA by BER to a more global, cellular response (Figure 3.5).  We propose that 

hMYH serves as an adaptor in the DNA damage response pathway, recruiting the 9-1-1 

complex to sites of DNA damage.  The 9-1-1 complex may then act as a sensor and 

marker of DNA damage, recruiting DNA damage response proteins such as APE1 to 

carry out BER.  Our preliminary data is aligned with this model, as the 9-1-1 complex 

promotes the hMYH/hAPE1 interaction. 
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Figure 3.5: 

 

 

Figure 3.5: A mechanistic model of the 9-1-1 complex as a coordinator of hMYH and APE1 activity 

in BER.  (a) hMYH is an adaptor protein, recruiting the 9-1-1 complex to sites of DNA damage (i.e. 8-

oxoG/A mispairs).  The 9-1-1 complex binds to the IDC of hMYH.  (b) hMYH excises the adenine base in 

an 8-oxoG/A mispair while the 9-1-1 complex is a sensor protein and is loaded onto the dsDNA with 

recognition of the newly formed AP-site.  (c) The 9-1-1 complex recruits proteins required for BER, 

including APE1.  APE1 also binds to the IDC of hMYH, forming a multienzyme repairosome.  (d) hMYH 

directs APE1 to the AP-site allowing a seamless transfer of the substrate DNA from hMYH to APE1.  

hMYH dissociates from the substrate DNA once the AP-site is safely associated with APE1; effectively, 

hMYH turnover is stimulated by APE1 and is freed to find other 8-oxoG/A mispairs in the genome.  The 9-

1-1 complex remains associated to APE1 and substrate DNA, while recruiting additional enzymes required 

for BER.   
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3.5 MATERIALS AND METHODS 

3.5.1 Creation of expression constructs.  The sequences of all constructs were 

verified before undertaking subsequent experiments. 

hAPE1
∆N38

.  The APE1
∆N38

 expression plasmid encodes for truncated hAPE1, 

lacking the first 38 residues of the intact protein.  The plasmid was constructed as 

described
223

.  In summary, the gene sequence corresponding to residues 39-318 of hAPE1 

was amplified by PCR.  The PCR product was then subcloned into the NheI and BamHI 

sites of a pET-28 plasmid (Novagen).  

hMYH(65-350).  The hMYH(65-350)-pET19b-pps expression construct was 

created as described in chapter 2. 

hAPE1.  hAPE1 in the pET-28 expression plasmid was a kind gift to the 

laboratory of Dr. Alex Drohat from Professor Ian Hickson of the University of Oxford. 

GST-hMYH(1-350).  The cDNA corresponding to residues 1-350 of hMYH 

fused to the GST gene were PCR-amplified and ligated into the pGEX-4T-2 vector (GE 

Health) as described
164

. 

GST-V315A-hMYH(1-350).  The V315A mutant of hMYH(1-350)  was 

constructed by the PCR splicing overlap extension method as described
164, 204

. 

hHus1.  The hHus1-pET-21a expression plasmid was constructed as described
164

.  

PCR was used to amplify the hHus1 gene from a HeLa cDNA library (Invitrogen), 

cleaved by BamHI and NotI, and ligated into the pET-21a (EMD Biosciences) expression 

plasmid.  The hHus1 gene is fused with a gene sequence that encodes for a C-terminal 

hexahistidine tag. 
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3.5.2 Protein expression and purification 

15
N-labeled APE1

∆N38
.  To produce uniformly 

15
N-labeled protein, APE1

∆N38
 was 

expressed as previously described
223

.  Briefly, BL21(DE3) cells (Novagen) were 

transformed with the pET-28 expression plasmid harboring APE1
∆N38

, plated, and 

incubated overnight at 37°C.  A 50-mL starter culture with Luria Broth (LB) medium was 

grown at 37°C to an A600 ≈ 0.6-0.8 before transferring cells to 2 L of 3-(N-

morpholino)propanesulfonic acid (MOPS) minimal media supplemented with Uniform-

[
15

N]-NH4CL (1 g/L).  The cells were grown at 37°C until the optical density reached an 

A600 ≈ 0.6.  Protein expression was induced with 0.4 mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG) at 16°C for 12-14 hours. 

 Protein purification was performed at 4°C as described
223, 233

.  Nickel-sepharose 

affinity chromatography (GE Healthcare) was followed by overnight thrombin cleavage 

of the N-terminal hexahistidine tag.  Ion exchange chromatography using a 5-ml HiTrap 

SP HP column (GE Healthcare) was the final purification step.  The protein was dialyzed 

into 2 L of NMR buffer consisting of 20 mM sodium phosphate (pH 6.5), 100 mM NaCl, 

0.5 mM DTT, and 0.2 mM EDTA.  The first dialysis step was performed at room 

temperature for 4 hours before transferring the protein to 2 L of fresh NMR buffer for 

further dialysis overnight at 4°C.  APE1
∆N38

 was concentrated using centrifugal devices 

(Sartorius Stedim), and the final protein concentration was determined by absorbance 

(ε
280

 = 56.4 mM
-1

cm
-1

).  The protein was generally used immediately for NMR 

experiments but was occasionally stored at -80°C for later use.  

hMYH IDC peptide (the interdomain connector, residues 293-351 of hMYH).  

Residues 293-351 of hMYH correspond to the interdomain connector (IDC).  This 
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peptide was synthesized by solid phase chemical synthesis, as described
234

, at the 

Institute of Human Virology at the University of Maryland, Baltimore.  The purity of the 

peptide was verified by HPLC analysis and lyophilized to a powder.  The peptide was 

resuspended in NMR buffer (20 mM sodium phosphate pH 6.5, 100 mM NaCl, 0.5 mM 

DTT, and 0.2 mM EDTA).  PD MiniTrap G-10 columns (GE Healthcare) were used as 

recommended by the manufacturer for complete exchange into NMR buffer.  A sample of 

our peptide was sent to BioSynthesis for quantitative amino acid analysis and 

determination of its extinction coefficient at 280 nM (ε
280 

= 4819 M
-1

cm
-1

). 

hMYH(65-350).  The protein was purified as described in chapter 2. 

His-APE1.  BL21(DE3) cells (Novagen) were transformed with hAPE1-pET28.  

Cells were grown at 37°C to an A600 ≈ 0.6-0.8 and protein expression was induced with 

0.4 mM IPTG at 16°C overnight.  Protein purification was performed at 4°C.  Nickel-

sepharose affinity chromatography (GE Healthcare) was followed by anion exchange 

chromatography using a 12-ml Uno-S column (Bio-Rad).  The protein was concentrated 

using centrifugal devices (Sartorius Stedim) and quantified by a Bradford (Bio-Rad) 

assay.  The protein was either used immediately for experiments or flash-frozen and 

stored at -80°C.  

hHus1.  E. coli Rosetta™ 2(DE3) cells (Novagen) were transformed with hHus1-

pET-21a.  Cells were grown at 37°C to an A600 ≈ 0.6-0.8 and protein expression was 

induced with 0.4 mM IPTG at 25°C overnight.  Protein purification was performed at 

4°C as described
164

.  In summary, nickel-sepharose affinity chromatography (GE 

Healthcare) was followed by heparin affinity chromatography (GE Healthcare).  The 
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protein was concentrated using centrifugal devices (Sartorius Stedim) and quantified by a 

Bradford (Bio-Rad) assay.  The protein was flash-frozen and stored at -80°C. 

3.5.3 Nuclear magnetic resonance spectroscopy.  NMR spectra were collected at 

25°C on a Bruker AVANCE 800 NMR spectrometer (800.27 MHz for protons) equipped 

with a 5 mm triple-resonance cryogenic probe with z-axis pulse field gradients.  

Uniformly 
15

N-labeled APE1
∆N38

 was used to collect two- dimensional heteronuclear 

single quantum coherence (HSQC) spectra of APE1
∆N38

 alone and in complex with the 

hMYH IDC peptide.  Each of the NMR samples contained 0.2 mM APE1
∆N38

 in NMR 

buffer with 7 – 10% deuterated H2O (
2
H2O).  The hMYH IDC peptide was incrementally 

added to complete the NMR titration experiment.  NMR data were collected for 

APE1
∆N38

 alone and in the following molar ratios with the IDC peptide: 1:0.5, 1:1, 1:2, 

1:4, and 1:8.  These ratios correspond with 0.2 mM APE1
∆N38

 and 0.1, 0.2, 0.4, 0.8, and 

1.6 mM IDC peptide.  The 
1
H chemical shifts were referenced to external DSS, and the 

15
N-shifts were referenced indirectly to liquid ammonia using 

15
N/

1
H = 0.101329118.  

NMR data were processed with NMRPipe
235

 and analyzed with Sparky
236

.  Chemical 

shift perturbations were tabulated for each APE1
∆N38

 residue using the equation: 

    √     
  (      )  

where ∆ is the weighted chemical shift perturbation which utilizes a scaling factor of 0.1 

to empirically scale the 
15

N chemical shift changes to be more equivalent to the 
1
H 

chemical shift changes.  The scaling factor is the ratio of the magnetogyric ratios 

(denoted by the symbol, γ) of the 
15

N and 
1
H nuclei (

15
N γ/

1
H γ ≈ 0.1).  ∆δH-N refers to the 

amide proton (
1
H ) chemical shift and ∆δN refers to the 

15
N chemical shift

237
.   
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3.5.4 GST pull-down assay of APE1.  The GST pull-down assay was similar to the 

experiments previously described
13

.  Briefly, the GST-tagged hMYH constructs 

[hMYH(1-350) and V315A-hMYH(1-350)] were grown at 25°C in E. coli Rosetta™ 

2(DE3) cells (Novagen) to an A600 ≈ 0.6.  The protein was expressed with 0.4 mM IPTG 

at 25°C for about 12 hours.  The GST-tagged hMYH proteins from the cell lysate were 

immobilized on Glutathione Sepharose 4 Fast Flow (GE Healthcare).  The beads, 

containing approximately 200 ng of protein, were incubated with 200 ng of His-tagged 

APE1 for two hours.  A control was run concurrently with immobilized GST alone.  

After centrifugation at 3,500 rpm for 2 minutes, the pellets were washed four times with 

buffer containing 0.1% NP-40.  The supernatants and pellets were fractionated on a 12% 

SDS-PAGE gel and transferred to a nitrocellulose membrane.  Western blot analysis was 

performed using a monoclonal antibody against hAPE1 (Abcam) and ECL
®
 (enhanced 

chemiluminescence) detection (GE Healthcare) according to the manufacturer’s protocol.    

3.5.5 The hMYH-APE1 pull-down assay in the presence of hHus1.  This experiment 

was performed similarly to the GST pull-down assay described above, except that 

purified hHus1 was incubated with the GST-hMYH beads and hAPE1 overnight at 4°C.  

In separate samples, hHus1 was added in a 1:1, 1:5, and 1:10 molar ratio with hAPE1.  A 

control pull-down reaction was performed without hHus1.  Western blot analysis was 

also performed with the anti-hAPE1 antibody (Abcam). 
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Chapter 4: Conclusions and Future Perspectives 

 

4.1 CONCLUSIONS 

MYH is a faithful caretaker gene, repairing adenines that have been 

misincorporated opposite the major oxidative lesion, 8-oxoG.  Biallelic defects in MYH 

allow G:C  T:A transversion mutations to become fixed in tumor suppressor genes, 

such as APC, and proto-oncogenes, such as k-ras, ultimately causing the inherited 

colorectal cancer syndrome, MYH-associated polyposis (MAP).  Previous structural 

studies have examined the molecular basis by which MYH mediates its substrate DNA 

specificity and, biochemical characterizations of MAP-associated MYH mutants have 

largely focused on impaired interactions between MYH and DNA.  However, kinetic 

studies suggest that the enzymatic efficiency of MYH is not just dependent on favorable 

interactions with DNA.  In fact, the catalytic turnover of MYH is impeded by the high 

affinity interaction between MYH and its abasic DNA product.  Protein-protein 

interactions have been identified as key mechanisms to alleviate the product inhibition 

experienced by MYH.  

Previously, MYH has been found to be involved with several important protein-

protein interactions.  As expected, MYH binds to proteins involved with both LP-BER 

and DNA replication; interactions with APE1, PCNA, and RPA have been reported.  

Additionally, because MYH must recognize and repair normal adenine bases, it was 

hypothesized and later proven that MYH might interact with MMR proteins, specifically 

hMSH6, for aid in this process.  Finally, because of the emerging role of 9-1-1 as a cell 

cycle checkpoint protein and its structural homology to PCNA, it was also postulated and 

subsequently demonstrated that MYH and 9-1-1 physically associate with each other.  
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In the present study, we characterize the structural features of hMYH that 

promote transient protein-protein interactions which are essential for DNA repair via the 

multienzyme, “BER relay system”.  The interdomain connector (IDC) of eukaryotic 

hMYH has limited secondary and tertiary structure and, is the flexible, protein-binding 

domain for hAPE1 and h9-1-1.  Mutation of two conserved residues in the SpMyh1 IDC 

attenuated the SpMyh1/Sp9-1-1 interaction and importantly, we showed for the first time, 

that disruption of the MYH/9-1-1 interaction impairs oxidative DNA repair in vivo.  With 

more drastic changes to the SpMyh1-IDC, we additionally showed that the IDC is 

important for catalysis, serving as a structural hinge to properly position the N- and C- 

terminal domains of SpMyh1 around substrate 8-oxoG/A mispairs.  Creation of a 

SpMyh1 Chimera construct, with the N- and C- terminal domains of SpMyh1 but the 

SpMyh1 IDC switched out for the EcMutY linker, showed that the eukaryotic IDC is 

essential for 8-oxoG/A substrate selectivity and catalytic activity.     

We have additionally examined the MYH/APE1 interaction more closely and 

used NMR titration experiments to confirm that the IDC of hMYH physically associates 

with hAPE1 in a low-affinity interaction.  The hMYH-binding domain of hAPE1 was 

identified to be the same site as its DNA-binding domain.  These findings suggest that 

MYH and APE1 physically associate so that MYH can directly hand off abasic DNA to 

APE1 for further processing in the BER pathway.  Meanwhile, the MYH/APE1 

interaction is not of such high affinity that abasic DNA itself is occluded or prevented 

from binding to the active endonuclease site on APE1.  Interestingly, a conserved residue 

within the IDC that is required for the MYH/9-1-1 interaction is not essential for the 

MYH/APE1 interaction indicating that the two proteins interact with MYH differently.  
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Finally, the 9-1-1 complex promotes the MYH/APE1 interaction highlighting the 

possibility that the 9-1-1 complex may be an important coordinator of the DNA damage 

response pathway by initiating the assembly of the MYH/APE1 multiprotein complex on 

damaged DNA.  

In conclusion, the present study proves that the efficiency of oxidative DNA 

damage repair by hMYH is dependent on the MYH/9-1-1 interaction.  Part of the 

significance of the MYH/9-1-1 interaction might be related to the ability of 9-1-1 to 

enhance the MYH/APE1 interaction, thereby stimulating the catalytic turnover of MYH.  

While MYH has been identified as a caretaker gene directly involved with protecting 

genomic integrity, our model suggests that MYH is also an adaptor of the DNA damage 

response pathway in which it mediates signals of DNA damage to the 9-1-1 DNA-

damage sensor protein and cell cycle checkpoint coordinator.   

 

4.2 FUTURE DIRECTIONS 

4.2.1 Examining the DNA-hMYH-APE1 interaction.  Following the results from our 

NMR-titration experiments with hAPE1
ΔN38

 and the IDC peptide, we wished to confirm 

by a second method that the hMYH IDC physically interacts with APE1 at its DNA 

binding site.  Using an equation derived by Nikolovska-Coleska et al.
238

, we planned to 

test our hypothesis that the IDC peptide binds to the DNA-binding site of APE1 and 

therefore should be able to compete off DNA bound to APE1.  Additionally, this method 

and equation would have allowed us to measure the binding affinity of the IDC peptide 

for APE1 by measuring its ability to displace DNA bound to APE1.  To use this equation, 

we first had to measure the binding affinity of APE1 for the DNA substrate to be used in 
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our studies.  We measured the DNA-binding affinity of His-APE1 for the dsDNA 20mer, 

20-FAM-A/GO, described in the Materials and Methods section of Chapter 3, using 

fluorescence anisotropy.  Although this dsDNA oligonucleotide does not have an abasic 

site (a preferred APE1 DNA-substrate), APE1 bound to the preferred MYH DNA-

substrate with a surprisingly high affinity, [P]1/2 = 25.88 nM (Figure 4.1).  This 

measurement alone warrants more investigation as hAPE1 has been reported to have a 

rather transient and low-affinity interaction with AP-DNA with half-maximal binding at 

about 50 nM APE1 in low ionic strength buffer (50 mM KCl)
232

.  Thus, we have 

measured similar, albeit tighter, binding to the 8-oxoG/A substrate indicating that APE1 

might interact with DNA primarily via a non-specific interaction.    
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Figure 4.1: 

 

Figure 4.1: The binding affinity of APE1 for DNA with an 8-oxoG/A mispair.  A fluorescein-labeled 

20-bp duplex DNA with a centrally located 8-oxoG/A mispair was incubated at 1 nM with His-APE1 over 

a range of protein concentrations in low ionic strength buffer (70 mM NaCl).  A binding isotherm was fit 

for the data using a variant of the Hill equation.  This graph shows the average anisotropy values for three 

replicated experiments.  There was half maximal saturation of APE1-DNA binding sites ([P]1/2 ) at an 

APE1 concentration of 25.88 nM.  The Hill coefficient was calculated to be 1.466, indicating that DNA-

binding is a cooperative event.  

 

Next, we sought to complete our APE1-DNA binding competition assay with the 

IDC peptide.  However, we were limited by how concentrated we could prepare our 

peptide and were only able to complete experiments with ~ 300 uM of the IDC.  Using 

the static measurement mode on the polarimeter, we were unable to measure appreciable 

displacement of 1 nM of the fluorescein-labeled dsDNA 20mer from 250 nM of His-

APE1 with the unlabeled IDC peptide from (data not shown).  This is not necessarily 

unexpected as hMYH/APE1 binding is predicted to be a low-affinity interaction.   
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An alternative experiment to study the DNA-hMYH-hAPE1 interaction would be 

to use a functional assay to show that the presence of hMYH or the IDC peptide affects 

the catalytic activity and efficiency of hAPE1.  In the presence of five- and ten-fold molar 

excess of hMYH(65-350) over His-APE1, we have measured the initial rates of hAPE1 

endonuclease activity and completed preliminary Michaelis-Menten kinetics using the 

18-DabT-AP/FAMT-G DNA substrate described in the Materials and Methods section of 

Chapter 3.  With DNA with an abasic site opposite guanine (AP/G DNA), MYH seems to 

have a modest effect, if at all, on stimulating the endonuclease activity of His-APE1 

(Table 4.1; Figure 4.2).  However, as the preferential substrate of MYH is an 8-oxoG/A 

mispair, we hypothesize that MYH may have more of a stimulatory effect on APE1 

activity for DNA with an abasic site opposite 8-oxoG (AP/8-oxoG DNA) by more 

effectively binding, orienting, and bringing AP/8-oxoG DNA to APE1 for catalysis. 

   

Table 4.1: APE1 endonuclease activity, alone and in the presence of a 5-molar excess of 

hMYH(65-350), on AP/G DNA 

 0.125 nM His-APE1 0.125 nM His-APE1: 0.625 nM 

hMYH(65-350) 

[Substrate] 

(nM) 

Initial Rate 

(Counts/s) 

kobs 

(s
-1

) 

Initial Rate 

(Counts/s) 

kobs 

(s
-1

) 

2.5 12.3764 
 

0.185068 
 

9.79819 
 

0.172655 
 

5 20.1937 0.301962 18.3694 0.32369 

10 30.7141 0.459276 29.9745 0.528185 

25 39.1699 0.585718 37.0088 0.652137 

50 40.1702 0.600676 41.5643 0.732411 

75 41.7014 0.623572 39.0547 0.688189 

100 43.1872 0.64579 40.3198 0.710481 
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Figure 4.2: 

  

          {   (       )⁄ } 

Figure 4.2: APE1 endonuclease activity, alone and in the presence of a 5-molar excess of hMYH(65-

350), on AP/G DNA.  APE1 endonuclease activity was measured at 22°C by changes in fluorescence 

intensity using a QM-4 spectrofluorometer (Photon Technology International), with excitation and 

emission wavelengths of 491 and 516 nM, respectively.  Experiments were completed with 0.125 nM His-

APE1 alone (left panel) and in the presence of 5-fold molar excess (0.625 nM) of hMYH(65-350) (right 

panel).  The steady state kinetic parameters, kcat and Km, were determined by measuring the initial 

velocities (vo) of the reactions as a function of substrate concentration and then fitting the data to the 

Michaelis-Menten equation using Grafit 5: 

Although replicates of these experiments are needed, the presence of hMYH(65-350) does not seem to have 

a great effect on the kinetic parameters of APE1.  If anything, hMYH(65-350) may slightly increase the 

binding affinity between APE1 and AP/G DNA as evidenced by the decreased Km measurement in the 

presence of hMYH(65-350).  However, interestingly, the presence of hMYH(65-350) also seems to 

decrease the rate of catalytic turnover, as evidenced by the decreased kcat measurement.  The initial 

endonuclease rates for APE1 in the presence of 5-fold molar excess of hMYH(65-350) shown in Table 4.1, 

especially at lower substrate concentrations, might indicate that hMYH(65-350) is important for the DNA-

APE1 interaction by orienting the DNA at the active site of APE1.    

(nM) (nM) 
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4.2.2 Development of a functional assay to study protein-protein interactions with 

hMYH.  To better study the effects of interacting proteins on the catalytic activity of 

MYH, we have begun to develop a functional assay to measure MYH product formation 

in solution rather than with a gel-based assay.  2-aminopurine (2-AP) is an adenine base 

analogue that preferentially forms base pairs with thymine
239, 240

.  Additionally, the 

fluorescent properties of 2-AP has made this an ideal base to utilize in fluorescence-based 

assays.  Although 2-AP has a low-quantum yield when base-stacked with purines
241

, its 

fluorescence emission dramatically increases when it is not stacked in dsDNA.  We have 

preliminary data showing that SpMyh1, but not EcMutY, is able to cleave 2-AP from 

20mer dsDNA oligonucleotides with centrally-located 2-AP/GO or 2-AP/G mispairs 

(Figure 4.3).  We are beginning simultaneous experiments via high performance liquid 

chromatography (HPLC) to validate our findings (data not shown).  The findings, so far, 

indicate that 2-AP is a suitable substrate to use with SpMyh1, and presumably other 

eukaryotic MYH proteins, but not EcMutY.  These findings are also in alignment with 

other studies conducted by the Lu laboratory
119, 121

 which showed that while both 

EcMutY and SpMyh1 can bind to 2-AP/G DNA with modest affinity (12 nM and 163 

nM, respectively), only SpMyh1 has notable glycosylase activity on the substrate.  In 

addition, MYH activity on a 2-AP substrate can be monitored in the presence of 

interacting proteins to assess any stimulatory or inhibitory effects they may produce on 

MYH catalysis.  Crystallizing EcMutY and SpMyh1 with 2-AP would also be interesting 

studies to compare protein contacts with the adenine base analogue. 
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Figure 4.3a:   

  

              {      (      )} 

 Figure 4.3a: Single turnover kinetics of EcMutY and SpMyh1 on DNA containing a 2-AP/8-oxoG 

mispair.  Experiments were completed under saturating enzyme conditions with 100 nM of DNA 

containing a 2-AP/8-oxoG mispair, and 500 nM of EcMutY or SpMyh1.  Data were fitted to the following 

equation, using GraphPad Prism version 3.03: 

Δ [Product] was determined by subtracting the baseline fluorescence intensity of the DNA and reaction 

buffer from the fluorescence measurements after adding EcMutY or SpMyh1.  A standard curve of 2-AP 

concentrations versus fluorescence intensity was used to calculate product formation from fluorescence 

intensity measurements.  2-AP/8-oxoG mispairs are recognized and cleaved by SpMyh1 with a kobs of 

0.02074 s
-1

, but are much less suitable substrates for EcMutY with a kobs of ~ 0.0060 s
-1

. 
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Figure 4.3b: 

  

Figure 4.3b: Single turnover kinetics of EcMutY and SpMyh1 on DNA containing a 2-AP/G mispair.  

Experiments were completed as described in the figure legend for figure 4.3a.  However, the DNA 

substrate contained a 2-AP/G mispair rather than a 2-AP/8-oxoG mispair.  SpMyh1 was able to cleave 2-

AP/G DNA, although the rate was not as high as observed for DNA with the 2-AP/8-oxoG mispair (kobs ~ 

0.0029 s
-1

 versus kobs = 0.02074 s
-1

, respectively).  EcMutY was not able to cleave 2-AP/G DNA to any 

great extent.   
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4.2.3 Crystallization studies.  Additional structural studies of MYH proteins are of 

high interest in our laboratory.  A top priority of our laboratory is to crystallize an intact 

mammalian MYH protein with DNA.  We have attempted to express and purify intact 

hMYH from E. coli cells with limited success.  As hMYH contains rare arginine codons 

at its N-terminus, we have tried using Rosetta-2(DE3) cells to overcome expression 

issues to no avail.  Additionally, we have attempted to use expressed protein ligation to 

express and purify the N- and C-termini of hMYH separately before chemically ligating 

the proteins together.  Again, we were unable to express either terminus to any significant 

degree that would be suitable for crystallization (data not shown).  We have not 

thoroughly investigated the possibilities of protein expression in insect or yeast cells to 

optimize protein folding conditions in a eukaryotic system.  However, our best bet 

currently lies with crystallization trials with mMYH and DNA as our laboratory has been 

successful in expressing and purifying intact mMYH (data not shown). 

Another potential crystal structure that is of great interest to us, is the co-

crystallization of APE1
ΔN38

 and hMYH(65-350).  Although we have NMR data that 

shows that the hMYH IDC binds to the DNA-binding-site of APE1, we would like to 

more closely examine the intermolecular contacts between hAPE1 and hMYH.  Thus far, 

we have purified APE1
ΔN38

 and hMYH(65-350) to near homogeneity (Figure 4.4) and we 

intend to pursue this project further.  Both proteins co-elute from a gel-filtration column, 

indicating formation of stable complex.  An additional related project would be the co-

crystallization of APE1
ΔN38

 and the IDC peptide.  However, initial co-crystallization trials 

of APE1
ΔN38

 with a 10-fold molar excess of the IDC peptide have not been fruitful so far. 
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Figure 4.4: 

 

Figure 4.4: Co-purification of APE1
ΔN38

 and hMYH(65-350) to near homogeneity.  Analysis of a 

mixture of APE1
ΔN38

 and hMYH(65-350) by dispersion light scattering (DLS) indicated that the proteins 

are soluble together in a bis-tris propane buffer, pH 6.5.  We partially purified, concentrated, and filtered 

both proteins separately before mixing them together for buffer exchange into bis-tris propane and co-

purification via gel filtration.  After completing gel filtration chromatography, collected protein fractions 

were analyzed by SDS-PAGE.  Lanes 8-12 of the gel show that APE1
ΔN38

 and hMYH(65-350) have eluted 

off of the gel filtration column in some protein fractions.  However, a prominent impurity (~ 35 kDa) co-

eluted with the two proteins as well. 
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4.2.4 Biochemical and functional characterization of MAP-associated MYH 

mutants.  MAP-associated MYH mutants have been identified across the entire gene.  

However, most of these mutants have not been biochemically or functionally 

characterized.  Using our crystal structure of hMYH(65-350) we aimed to more closely 

examine MAP-associated mutants that might affect protein interactions with hMYH as 

well as mutants that might affect the stability of the hMYH IDC.  Specifically, we tried to 

express and purify the MAP-associated mutants: R227W-hMYH(65-350), R231L-

hMYH(65-350), and V232F-hMYH(65-350).  Residues R227 and R231 are adjacent to- 

and V232 is within the hMSHS6-protein binding domain.  Additionally, hydrogen bonds 

involving residues R231 and V232 help stabilize the hMYH IDC.  However, for all of 

these mutants, we experienced multiple problems during their purifications and we were 

unable to obtain high yields of purified protein of any of these mutants.  Our problems 

included poor expression in E. coli cells which we attempted to overcome by using 

various E. coli strains that express rare arginine codons (e.g. Rosetta-2(DE3) cells).  

Alternatively, at times expression tests indicated that the mutant proteins had been 

expressed; however, upon cell lysis we found that only a minimal amount of protein was 

soluble or properly folded.  Finally, in some cases we were able to obtain small amounts 

of purified protein, however, protein aggregation and precipitation often ensued.  In 

addition, we attempted to express and purify homologous mutants of the catalytic domain 

of EcMutY.  Our attempts included expression and purification of R147C-Cd-EcMutY, 

R147H-Cd-EcMuty, and P197L-Cd-EcMutY.  We experienced very similar issues with 

the Cd-EcMutY mutants as well. 
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Based on our general inability to purify any of these MAP-associated MYH 

mutants, we were unable to biochemically characterize any of these mutants or pursue 

crystallization trials as we had planned.  However, our attempts at purification of these 

mutant proteins perhaps offer us some insight, nonetheless, about their stability in MAP 

patients.  MAP-associated MYH mutants might also be defective in oxidative repair 

solely because they are poorly expressed or because they are unstable in vivo.  Thus, poor 

expression or protein stability, impaired DNA binding and substrate recognition, and 

impaired protein-protein interactions are all potential mechanisms by which MAP-

associated MYH mutants lead to oncogenesis.  So far, Molatore et al.
139

 might have the 

best idea to determine the significance of MAP-associated MYH mutants.  hMYH 

mutants can be expressed in mMYH
-/-

 cells and a variety of parameters can be measured 

for the cells, such as 8-oxoG accumulation and hypersensitivity to oxidative stress.  Of 

note, although this assay is useful to determine whether MAP mutants are associated with 

defects in BER and oxidative DNA repair, this assay provides limited insight about the 

mechanisms by which the tested mutants cause these defects. 
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Appendix 

 

Table A1.1: Oxidative DNA Repair Enzymes across Species 

 

MutM and Homologous Enzymes: 

 

Species Name(s) and 

Abbreviation(s) 

Substrate 

Specificity 

Other Notes 

E. coli MutM, Fpg * 8-oxoG/C 

 

 

FapyA 

 

FapyG 

 

S. cerevisiae OGG1 8-oxoG/C >  

8-oxoG/T 

 

 

Fapy 

 

M. musculus mOGG1 8-oxoG/C 

 

 

Fapy 

 

H. sapiens hOGG1 8-oxoG/C 

 

E. coli MutM and hOGG1 

have no obvious structural 

similarity.  However, they 

both preferentially excise 

8-oxoG in 8-oxoG:C pairs  
FapyG  

* When base pairs are shown, the substrate base is bolded. 
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MutY and Homologous Enzymes: 

 

Species Name(s) and 

Abbreviation(s) 

Substrate 

Specificity 

Other Notes 

E. coli MutY, EcMutY *A/8-oxoG > A/G 

 

MutY and homologous 

enzymes are important in 

the 8-oxoG repair system 

Adenine in A/8-oxoG 

mispairs may be the most 

physiologically relevant 

substrate for MutY. 

A/C 

A/OHU 

G/8-oxoG 

S. cerevisiae N/A N/A There is no known MutY 

homologue in S. cerevisiae. 

M. musculus mMutY Homolog,  

mMutY Homologue, 

mMYH, mMUTYH 

A/8-oxoG > A/G  

H. sapiens hMutY Homolog, 

hMutY Homologue,  

hMYH, hMUTYH 

A/8-oxoG > A/G 

 

 

 

 

 

 

 

 

 

 

 

A/C 

2-hydroxyA/A 

 

2-hydroxyA/G 

 

2-hydroxyA/8-oxoG 

G/8-oxoG 

 

* When base pairs are shown, the substrate base is bolded. 

 

 

MutT and Homologous Enzymes: 

 

Species Name(s) and 

Abbreviation(s) 

Substrate 

Specificity 

Other Notes 

E. coli MutT 8-oxo-dGTP MutT sanitizes the 

nucleotide precursor pool, 

hydrolyzing 8-oxo-dGTP to 

8-oxo-dGMP preventing its 

incorporation into DNA 

S. cerevisiae N/A N/A There is no known MutT 

homologue in S. cerevisiae. 

M. musculus MTH1 8-oxo-dGTP  

H. sapiens hMTH1 8-oxo-dGTP  
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Endonuclease III and Homologous Enzymes: 

 

Species Name(s) and 

Abbreviation(s) 

Substrate Specificity Other Notes 

E. coli 

 

 

 

 

 

 

Endonuclease III, 

Endo III 

 

 

 

 

 

Oxidized Pyrimidines: 

Tg 

OHU 

DHU 

 

 

 

 

 

 

 

 
Urea 

S. 

cerevisiae 

Ntg1   

M. 

musculus 

mNTH1 

mNTHL1 

Tg 

 

-mNTH1 also has AP 

lyase activity. 

Urea 

 

H. sapiens hNTH1 Oxidized Pyrimidines: 

Tg 

DHU 

 

-hNTH1 has AP lyase 

activity also. 
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Endonuclease VIII and Homologous Enzymes: 

 

Species Name(s) and 

Abbreviation(s) 

Substrate Specificity Other Notes 

E. coli Endonuclease VIII, 

Endo VIII, Nei, 

OGG2 

Radiolysis products of 

thymine: 

Tg 

Dihydrothymine 

β-ureidoisobutyric acid 

Urea 

 

Endo VIII also has AP 

lyase activity 

Oxidative products of 

cytosine: 

5-hydroxycytosine 

5-hydroxyuracil 

 

S. cerevisiae ?   

M. musculus NEIL1   

NEIL2 

NEIL3 

* Information is on the next page about human Endo VIII homologous enzymes. 
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Endonuclease VIII and Homologous Enzymes (cont.): 

 

H. sapiens NEIL1 Tg NEIL1, NEIL2, and 

NEIL3 are three distinct 

“Nei-like glycosylases” 

that share only weak 

homology with each other. 

 

 

 

 

Oxidized Pyrimidines: 

OHU/G;  

DHU/A ≈ DHU/C ≈ 

DHU/G > DHU/T 

Formamido-pyrimidines: 

FapyA 

FapyG 

8-oxoG/G >  8-oxoG/T >  

8-oxoG/A ≈  8-oxoG/C 

NEIL2 OHU 

 

 

 

-NEIL2 has the highest 

activity for OHU. 

-NEIL2 has negligible 

activity for 8-oxoG, Tg, 2-

hydroxyadenine, 

hypoxanthine, and 

xanthine. 

- ROS-generated cytosine 

derivatives are the 

preferred substrates of 

NEIL2. 

DHU 

 

 

 

5-hydroxycytosine 

 

NEIL3 ssAP 

 

 

 

 

 

 

 

 

-Takao et al. reported that 

NEIL3 was unable to 

cleave any of several test 

oligonucleotides 

containing a single 

modified base.  However, 

NEIL3 has AP lyase 

activity on AP sites in 

ssDNA (but not dsDNA). 

§ Fapy 

 

Human NEIL3 expressed 

in insect cells showed 

excision activity for Fapy 

residues.  However, this 

was not detected in vitro 

with recombinant human 

NEIL3 protein expressed 

in E. coli.  The research 

group suggested that an in 

vivo modification might be 

required for NEIL3 

activity for Fapy residues. 

* When base pairs are shown, the substrate base is bolded. 

§ It is unclear whether Fapy residues are true substrates for NEIL3.   
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Table A1.2: Colorectal Hereditary Cancer Syndromes 

 
 FAP 

Familial Adenomatous 

Polyposis 

Lynch Syndrome 

Hereditary Nonpolyposis 

Colorectal Cancer 

(HNPCC) 

MAP 

MYH-Associated 

Polyposis 

% of Colorectal 

Cancers 

~ 1% ~ 1 – 6% ~ 1 – 3 % 

Clinical 

Manifestations 

- > 100 adenomas 

- ~ 10 – 100 adenomas 

for attenuated FAP 

(AFAP) 

- A few number of benign 

polyps 

- Flat and small polyps 

- Extracolonic malignancies 

- Similar in phenotype to 

AFAP (usually < 100 

adenomas) 

Gene Mutations - APC mutated in ~ 60 – 

80 % of cases 

- Possibly genes in the 

Wnt pathway 

- MMR proteins (MSH2, 

MLH1, PMS2, MSH6) 

- Biallelic MYH 

mutations (homozygous 

or compound  

Additional 

Molecular 

Indications 

- AFAP may actually be 

MAP due to biallelic 

MYH mutations which 

lead to APC mutations 

- Microsatellite Instability 

(MSI) which often leads to 

frameshift mutations in 

TGF-IIβ, ILGF-2, Bax, 

E2F-4, APC, PTEN, MSH3, 

Mre11, MBD4/MEDI 

- Often leads to APC or k-

Ras G:C to T:A 

transversions 

Recessive or 

Dominant 

Phenotype? 

- Autosomal dominant - Autosomal dominant - Autosomal recessive 
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Table A1.3: Functional Characterization of MAP-Associated MYH Variants 

 

Mutation Region of MYH 

Where the 

Mutation Occurs 

Functional Studies Likelihood of 

Pathogenicity 

137insIW NTD mMYH
-/-

 cells expressing 

137insIW-hMYH: 

-Have an increased steady-state 

8-oxoG level compared to cells 

expressing no MYH protein at 

all or cells complemented with 

WT-hMYH 

-Have 8-oxoG repair kinetics 

after cellular KBrO3 exposure 

similar to that of cells 

expressing no MYH protein 

-Have a slight increased 

sensitivity to high doses of γ-

radiation 

-Are hypersensitive to oxidative 

stress with complete cell death 

after exposure to 25 mM KBrO3 

 

-Likely pathogenic 

-Rare variant found in 

combination with a 

proven MAP mutant 

in Caucasian patients 

 

-137insIW retains limited 

adenine glycosylase activity in 

vitro 

 

Y165C Pseudo HhH 

Motif 

-Y82C-EcMutY homolog has 

severely reduced activity in 

vitro 

-Y165C-hMYH and Y82C-

EcMutY are unable to 

complement E. coli mutY
- 
cells 

-Cd-EcMutY and 

BstMutY+DNA crystal 

structures implicate Y165 of 

hMYH to be involved with 

nucleotide flipping of the 

adenine substrate 

-The crystal structures also 

show that Y165 of hMYH is 

likely involved with 8-oxoG 

recognition in the 

complementary strand 

 

-Proven MAP mutant 

-Identified in the 

original familial study 

that characterized 

MAP as a CRC 

syndrome 

-Together with 

G382D, these mutants 

account for ~73% of 

the MAP-associated 

MYH mutants 
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R171W Pseudo HhH 

Motif 

mMYH
-/-

 cells expressing 

R171W-hMYH: 

-Have a remarkably high 

increase in steady-state 8-oxoG 

levels compared to cells 

expressing no MYH protein at 

all or cells complemented with 

WT-hMYH 

-Have slower 8-oxoG repair 

kinetics after cellular KBrO3 

exposure than cells expressing 

no MYH protein 

-Have increased sensitivity to 

high doses of γ-radiation 

-Are hypersensitive to oxidative 

stress with complete cell death 

after exposure to 15 mM KBrO3 

 

 

-Likely pathogenic 

-Rare variant 

identified in a Greek 

family affected with 

MAP 

 

-R171W is devoid of adenine 

glycosylase activity in vitro 

 

R227W Adjacent to 

MSH6 Binding 

Domain; 

Conserved 

residue in the 

HhH Motif 

Partially purified, recombinant 

R227W-hMYH:  

-Is unable to bind 8-oxoG/A 

DNA 

-Has negligible glycosylase 

activity 

-Is unable to complement E. 

coli mutY
-
 cells 

-Maintains its physical 

interaction with hMSH6 

 

-Proven MAP mutant 

-Rare variant found in 

combination with 

G382D in a 42-year 

old patient with 

CRAs and rectal 

cancer 

R231L Adjacent to 

MSHG Binding 

Domain; 

Conserved 

residue in the 

HhH motif; Close 

proximity to the 

[4Fe-4S]
2+ 

cluster 

Partially purified, recombinant 

R231L-hMYH:  

-Is unable to bind 8-oxoG/A 

DNA 

-Has negligible glycosylase 

activity 

-Is unable to complement E. 

coli mutY
-
 cells 

-Maintains its physical 

interaction with hMSH6 

 

-Proven MAP variant 

-Rare variant found in 

a homozygous state in 

a 57-year old patient 

with hundreds of 

CRAs 
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V232F MSH6 Binding 

Domain; Close 

proximity to the 

[4Fe-4S]
2+ 

cluster 

Partially purified, recombinant 

V232F-hMYH:  

-Has reduced 8-oxoG/A DNA-

binding activity 

-Has reduced glycosylase 

activity, although it can be 

partially stimulated by hMSH6 

-Is unable to complement E. 

coli mutY
-
 cells 

-Maintains its physical 

interaction with hMSH6 

 

-Proven MAP mutant 

-Rare variant found in 

combination with 

Y165C in a 70-year 

old patient with 100 - 

1000 CRAs 

Q324R 9-1-1 Binding 

Domain 

Partially purified, recombinant 

Q324R-hMYH:  

-Has 30-40% reduced 

glycosylase activity compared 

to the WT enzyme 

-Is able to completely 

complement E. coli mutY
-
 cells 

 

-No clear evidence 

for pathogenicity 

 

G382D CTD; involved 

with 8-oxoG 

discrimination 

-G253D-EcMutY homolog has 

severely reduced activity in 

vitro 

-G382C-hMYH is unable to 

complement E. coli mutY
- 

-G365D-mMYH has no adenine 

glycosylase activity in MYH-

null mouse embryonic stem 

cells 

-The BstMutY+DNA crystal 

structure implicates G382 of 

hMYH to be involved with 

recognition of 8-oxoG in an 8-

oxoG/A mispair 

 

-Proven MAP mutant 

-Identified in the 

original familial study 

that characterized 

MAP as a CRC 

syndrome 

-Together with 

Y165C, these mutants 

account for ~73% of 

the MAP-associated 

MYH mutants 
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P391L CTD; likely 

involved with 8-

oxoG strand 

contacts and 

recognition 

Partially purified, recombinant 

P391L-hMYH:  

-Has 30-40% reduced 

glycosylase activity compared 

to the WT enzyme 

-Is unable to complement E. 

coli mutY
-
 cells 

-However the P262L-EcMutY 

homolog has similar kinetics, 

glycosylase activity, mismatch 

affinity, stability, and ability to 

suppress DNA mutations as 

WT-EcMutY (unpublished 

results) 

 

-Likely pathogenic 

-Rare variant found in 

combination with 

Y165C in a German 

patient with CRAs 

-Found in 

combination with 

G382D in German 

patients with CRAs 

and/or CRC 

-The mutation was 

reported to cause a 

dominant mode of 

MAP-inheritance in 

Swedish patients 

-Also found in a 

homozygous state or 

in combination with 

other known MAP 

mutants in Dutch 

patients 

 

A459D CTD; may play a 

role in 8-oxoG 

recognition 
 

 

-A459D-hMYH has reduced 

glycosylase activity in an in 

vitro cleavage assay. 

-Proven MAP mutant 

-Rare variant found in 

combination with a 

proven MAP mutant 

in a patient with CRC 

-Also found in a 

homozygous state in a 

patient with CRC 
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E466del CTD; may play a 

role in 8-oxoG 

recognition 

mMYH
-/-

 cells expressing 

E466del-hMYH: 

-Have an increased steady-state 

8-oxoG level compared to cells 

expressing no MYH protein at 

all or cells complemented with 

WT-hMYH 

-Have very slow 8-oxoG repair 

kinetics after cellular KBrO3 

exposure 

-Are not hypersensitive to γ-

radiation 

-Are hypersensitive to oxidative 

stress with significantly reduced 

cell survival after exposure to 

KBrO3 

 

-Likely pathogenic 

-Rare variant found in 

combination with a 

proven MAP mutant 

in British, Italian, and 

perhaps other 

Caucasian patients 

with CRAs and/or 

CRC 

-Rare variant found in 

a homozygous state in 

an Italian patient with 

CRC 

 

-E466del is devoid of adenine 

glycosylase activity in vitro 
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