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Repair of 8-oxoG:A Mismatches by the MUTYH Glycosylase: 
Mechanism, Metals & Medicine

Douglas M. Banda, Nicole N. Nuñez, Michael A. Burnside, Katie M. Bradshaw, and Sheila S. 
David*

Department of Chemistry, University of California, Davis, One Shields Avenue, Davis CA 95616

Abstract

Reactive oxygen and nitrogen species (RONS) may infringe on the passing of pristine genetic 

information by inducing DNA inter- and intra-strand crosslinks, protein-DNA crosslinks, and 

chemical alterations to the sugar or base moieties of DNA. 8-Oxo-7,8-dihydroguanine (8-oxoG) is 

one of the most prevalent DNA lesions formed by RONS and is repaired through the base excision 

repair (BER) pathway involving the DNA repair glycosylases OGG1 and MUTYH in eukaryotes. 

MUTYH removes adenine (A) from 8-oxoG:A mispairs, thus mitigating the potential of G:C to 

T:A transversion mutations from occurring in the genome. The paramount role of MUTYH in 

guarding the genome is well established in the etiology of a colorectal cancer predisposition 

syndrome involving variants of MUTYH, referred to as MUTYH-associated polyposis. In this 

review, we highlight recent advances in understanding how MUTYH structure and related function 

participate in the manifestation of human disease such as MAP. Here we focus on the importance 

of MUTYH’s metal cofactor sites, including a recently discovered “Zinc linchpin” motif, as well 

as updates to the catalytic mechanism. Finally, we touch on the insight gleaned from studies with 

MAP-associated MUTYH variants and recent advances in understanding the multifaceted roles of 

MUTYH in the cell, both in the prevention of mutagenesis and tumorigenesis.
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1. Introduction: MutY’s Nobel Heritage

In the late 1980s, the laboratory of 2015 Chemistry Nobel Laureate Paul Modrich discovered 

an activity in E. coli that was able to restore G:A mismatches to G:C base-pairs [1]. This 

activity was independent of methylation status of the template strand, and therefore could 

not be attributed to mismatch repair (MMR). Around the same time, Miller and co-workers 

identified a mutator locus in E. coli that generates G:C to T:A transversion mutations, which 

they termed as the mutY gene [2]. Together Miller and Modrich determined that the mutY 
gene product was an adenine glycosylase [3], similar to the base excision repair (BER) 

Uracil-DNA glycosylase (UDG) [4], discovered by 2015 Chemistry Nobel Laureate Tomas 

Lindahl [5]. Using a combination of biochemistry and genetics, Miller, Michaels and co-

workers demonstrated that MutY plays an important role in the prevention of mutations 

caused by the oxidatively damaged guanine lesion, 8-oxo-7,8-dihydroguanine (8-oxoG) by 

removing adenine (A) from 8-oxoG:A base pairs that form due to the miscoding properties 

of 8-oxoG. [2, 6-10]. The knowledge of these fundamental features of MutY were crucial in 

the discovery of a colorectal cancer (CRC) predisposition syndrome involving variants of the 

human MutY homolog, MUTYH, in a disease referred to as MUTYH-associated polyposis 

(MAP) [11, 12].

The importance of MUTYH in MAP, and increased interest in targeting DNA repair 

enzymes as new therapeutic strategies, have upped the ante in understanding the inherent 

chemistry of MutY/MUTYH and BER glycosylases [13]. In this review, we will highlight 

recent insights into the structural and functional properties of MutY, MUTYH and MAP 

variants. For example, recent investigations of MAP variants in the David laboratory resulted 

in the discovery of a second metal binding site in mammalian homologs of MUTYH [14]. 

Furthermore, despite MutY’s discovery almost 30 years ago, new features of MutY base 

excision have been revealed prompting revisions to the accepted mechanism for MutY, and 

implicating that similar revisions may be appropriate for related glycosylases [15]. We also 

look beyond MAP and call attention to MUTYH’s roles in other diseases, including 

intriguing links between MUTYH and neurological disorders [16-19]. These various aspects 

of MUTYH collectively accentuate how the structure and function of MutY and MUTYH 

elegantly tie to their activities in the cell and the ever-unraveling roles they play in protecting 

life from DNA damage. Of note, in this review, we highlight primarily new studies and 

therefore direct the reader to previous reviews on MutY, MUTYH and MAP for additional 

details [12, 20-27].
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2. Oxidatively Damaged DNA and Base Excision Repair

2.1 Oxidatively damaged DNA and 8-oxoG

Replicating cells continue life by passing on genetic information in the form of DNA. If the 

information within DNA is compromised by DNA base modifications resulting from 

reactions with chemical species, such as reactive oxygen and nitrogen species (RONS), 

malignant cellular phenotypes may result, ultimately leading to diseases such as cancer 

[28-31]. RONS arise from cellular exposure to xenobiotic toxins, as well as ionizing 

radiation and ultraviolet light. However, RONS are more frequently formed as a 

consequence of cellular respiration, inflammatory responses, and by-products of cellular 

signaling and lipid peroxidation [reviewed by 32].

DNA damage resulting from RONS manifests in the form of DNA inter- and intra-strand 

crosslinks, protein-DNA crosslinks, and chemical alterations to the sugar or base moieties 

[12, 33, 34]. The most well studied oxidative base modification to DNA is 8-oxoG, which 

occurs within the human genome approximately once per million guanine residues [12, 35, 

36]. The prevalence of 8-oxoG in genomic DNA is due to the low redox potential of 

guanine, making it highly susceptible to oxidation [37-39]. The correlation between 

oxidative stress and high levels of 8-oxoG has resulted in the use of 8-oxoG as a cellular 

biomarker [40-42].

The formation of 8-oxoG via oxidation results in the addition of an oxo group at the C8 

position and a hydrogen atom at the N7 position of guanine (Figure 1). When 8-oxoG is 

oriented in the normal anti conformation within DNA, the 8-oxo group sterically clashes and 

unfavorably interacts with the O4’ position of the DNA sugar. Because of this, 8-oxoG 

preferentially adopts the syn conformation during DNA replication offering a Hoogsteen 

face that resembles that of the Watson-Crick face of thymine [43, 44]. Because of this dual-

coding ability, replicative polymerases often misincorporate A opposite 8-oxoG [12, 45]. If 

this 8-oxoG:A mispair persists within DNA without being repaired, a G:C to T:A 

transversion mutation permanently incorporates into the genome. For example, G:C to T:A 

mutations have been shown to be the predominant type of somatic mutation in protein kinase 

genes in lung, breast and colorectal cancers [46].

2.2 The GO repair pathway

Tomas Lindahl’s insight that the high level of spontaneous cytosine deamination to uracil 

must be repaired in order to preserve life resulted in the seminal discovery of UDG and the 

BER pathway [5, 47-49]. The BER pathway mitigates the mutagenic and toxic properties of 

a wide array of DNA nucleobase modifications [12, 50]. The key players of this pathway are 

a cadre of DNA glycosylases that scour the genome and initiate the repair of specific types 

of base modifications in DNA by hydrolyzing the N-glycosidic bond between the damaged 

base and the 2’-deoxyribose sugar, affording apurinic/apyrimidinic (AP) sites within DNA 

[4]. Mono-functional glycosylases pass the AP site to a 5’ AP endonuclease (such as APE1 

in humans) that hydrolyzes the phosphodiester DNA backbone at the AP site. Further 

trimming of the remaining sugar fragments allows for gap-filling by a DNA polymerase to 

replace the excised nucleotide. Lastly, DNA ligase provides the finishing touches of repair 
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by sealing the phosphodiester backbone [51]. The mammalian BER pathway is more 

complex than its bacterial counterpart and has two distinct sub pathways: short-patch and 

long-patch BER, which differ in the number of nucleotides incorporated during the 

polymerase step and the various enzymes involved [52-55].

Miller and Michaels coined the term “GO” (for “Guanine Oxidation”) repair pathway to 

describe the combined efforts of MutM (Fpg), MutY and MutT in mitigating the mutagenic 

properties of 8-oxoG in bacteria (Figure 2) [7, 8, 10, 12, 56]. Later work established a 

similar GO repair pathway in human cells featuring the functional equivalents OGG1, 

MUTYH and NUDT1 [57-62]. The first responder to the scene to cope with 8-oxoG in the 

human genome is the 8-oxoG Glycosylase (OGG1), which is a bifunctional glycosylase that 

recognizes 8-oxoG:C base pairs, cleaves out 8-oxoG, and catalyzes subsequent β-

elimination to afford a nick in the DNA backbone 5’ to the nascent AP site [63]. If 8-

oxoG:C base pairs escape OGG1 excision and 8-oxoG-containing DNA is used as a template 

for DNA replication, the miscoding nature of 8-oxoG leads to formation of 8-oxoG:A base 

pairs. Notably, this damaged and mismatched base pair is stable within the DNA helix, and 

often eludes the DNA proofreading activities of DNA polymerases [25, 45, 64]. MUTYH 

plays a crucial role at this stage by excising the misplaced A before another round of 

replication ensues and seals the G:C to T:A mutation within the genome. Following the 

action of MUTYH, subsequent processing by downstream BER machinery recreates an 8-

oxoG:C base pair, providing another opportunity for OGG1 to excise substrate 8-oxoG 

lesions [12].

The last player in the GO Repair pathway, Nudix hydrolase or NUDT1 (formally known as 

MutT human homolog 1, or MTH1), is recruited by the cell to hydrolyze 8-oxoG nucleoside 

triphosphates to monophosphates to prevent damaged nucleotide incorporation into the 

genome [65]. If NUDT1 fails to sanitize the 8-oxoGTP pool, 8-oxoG:A lesions may form 

where A is in the contextually correct template DNA strand. If A were cleaved in this 

context, the action of MUTYH would be pro-mutagenic, highlighting the importance of 

NUDT1 within the cell.

3. The MutY Mechanism in Depth

DNA repair glycosylases are responsible for recognizing specific types of DNA damage and 

performing subsequent base excision catalysis, and must function appropriately to complete 

repair and maintain genomic integrity [4]. The necessary role of MUTYH in preventing 

mutations and associated diseases has been well established, and much information has been 

provided on the details of how MutY enzymes recognize 8-oxoG:A mismatches and catalyze 

base excision [12]. However, new insights into the activity of MutY enzymes continue to be 

discovered. Detailing the chemistry of MutY’s “search and rescue” mission will help 

researchers gain understanding of the etiology of MAP, as well as determine the relative 

cellular impacts of different variants. Detailed knowledge of the mechanism of enzymes 

similar to DNA glycosylases has previously led to development of small molecule inhibitors, 

paving the way for the design of new pharmaceutical drugs [66]. Furthermore, the idea of 

targeting DNA repair enzymes as a therapeutic strategy is gaining ground within the cancer 

research community [13, 67, 68].
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3.1 Structural features of MutY enzymes and 8-oxoG:A recognition

MutY enzymes are members of the structurally related BER superfamily of glycosylases 

that contain a signature helix-hairpin-helix DNA binding motif followed by a glycine-

proline rich region and a conserved catalytic aspartic acid residue (HhH-GPD motif) [4]. 

The N-terminal domain harbors an adenine-specific binding pocket, the catalytic residues 

required for base excision, and the [4Fe-4S]2+ cluster (vide infra) [4, 9, 12, 69]. In addition, 

MutY enzymes differ from other BER glycosylases in harboring a unique C-terminal 

domain that plays an important role in 8-oxoG recognition and exhibits structural homology 

to NUDT1 [4, 12, 70-76]. The N- and C-terminal domains are united by a flexible 

interdomain connector (IDC). Crystal structures of a catalytically inactive D144N 

Geobacillus stearothermophilus (Gs) MutY bound to an 8-oxoG:A-containing duplex 

(Lesion recognition complex or LRC) [77], WT Gs MutY bound to a cleavage resistant 

substrate analogue, arabino 2'-fluoro-2'-deoxyadenosine (FA) (Fluorine Lesion Recognition 

Complex or FLRC) [78], and WT Gs MutY bound to an azaribose transition state (TS) 

analog (1N) (Transition State Analog Complex or TSAC) [15] (Figure 3) provide insight 

into the structural features used in damage DNA recognition and base excision. Key features 

present in all three structures include Gs MutY remodeling of the DNA that induces a kink 

at the lesion site and a DNA bend of approximately 50 degrees. The HhH and [4Fe-4S]2+ 

cluster loop (FCL) DNA binding motifs within the catalytic N-terminal domain make 

extensive contacts with the FA/A/1N-containing strand. The FA/A/1N nucleotide is rotated 

out of the helix, and in the structures with FA/A, the base is positioned in the active site 

pocket. In addition, both the C- and N-terminal domains make extensive contacts with the 8-

oxoG-containing strand. Of note, the 8-oxoG nucleotide remains in the DNA helical stack, 

with an anti N-glycosidic bond conformation.

3.2 Features influencing the location of 8-oxoG:A mismatches by MutY enzymes

Details regarding the early steps in the process by which MutY enzymes locate rare 8-

oxoG:A mismatches, while effectively rejecting structurally similar T:A base pairs, remain 

somewhat murky. MutY, like many other glycosylases, uses a one-dimensional search 

process, likely combining a series of sliding and hopping motions to search the genome for 

8-oxoG:A mismatches [79, 80]. It is evident that key early steps in MutY damage 

recognition involve contacts with 8-oxoG, in order to “select” for an inappropriately 

positioned A. Indeed, a truncated form of E. coli (Ec) MutY lacking the C-terminal domain 

exhibits reduced glycosylase activity, and lacks enhanced affinity for 8-oxoG containing 

duplexes compared to the WT enzyme [74, 81]. Moreover, the absence of the C-terminal 

domain with MutY diminishes the repair of an 8-oxoG:A plasmid substrate within a cellular 

context [82]. Notably, despite the ability of MutY enzymes to catalyze adenine removal from 

G:A and 8-oxoG:A substrates in vitro, minimal cellular repair on G:A-containing plasmid 

substrates was observed, again pointing to the critical nature of 8-oxoG recognition for 

selecting appropriate contexts for adenine excision [71]. These cellular assays demonstrate 

that base pair discrimination is more stringent in vivo, consistent with the additional 

demands of locating rare mismatches amongst a vast excess of undamaged DNA.

Structural studies of Fpg interrogating normal DNA revealed the importance of a Phe 

“wedge” residue that intercalates into the DNA helix, thus aiding in the location of 8-
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oxoG:C base pairs [12, 83-85]. In addition, single-molecule visualization of quantum-dot 

labeled F111A Fpg showed an absence of slow-moving enzymes and a faster enzyme 

diffusion rate compared to the WT enzyme [86]. These observations are consistent with the 

idea that this large aromatic residue plays an important role in the damage interrogation 

process. Notably, a similar role may be ascribed to a highly conserved Tyr residue in MutY 

enzymes. In the LRC/FLRC/TSAC structures, Tyr 88 (Tyr 165 in human MUTYH) is 

wedged between 8-oxoG and its 5’-neighboring base, disrupting base-stacking interactions 

that stabilize the lesion in duplex DNA (Figure 3B) [77, 78]. The intercalation of the Tyr 

wedge likely promotes the “flipping” of its substrate adenine into the enzyme’s active site. 

In addition, the Tyr wedged into the DNA stack stabilizes the bent DNA, and thereby 

decreases the activation barrier to catalysis [77, 87]. The importance of Tyr 165 is 

highlighted in MAP, where inherited mutations at this position are of the most common 

leading to disease pathogenesis [12, 88].

Locating 8-oxoG is only half of the task of MutY enzymes since discrimination between 8-

oxoG:A and 8-oxoG:C mispairs is important to avoid wasting time and inappropriately 

acting upon the “wrong” substrate. In a recent structure of Gs MutY interrogating an 8-

oxoG:C base pair, the non-target cytosine base is flipped out of the helix into an “exo” site 

for initial recognition; this exo-site is structurally separate from the adenine-processing 

active site [89]. Using point mutations, Verdine and co-workers showed that this exo-site can 

be structurally disrupted allowing the extrahelical cytosine to be flipped into the active site. 

However the anti-substrate cytosine is not cleaved due to repulsive interactions caused by the 

enzyme’s catalytic aspartate residue. Indeed, the final verification checkpoint is the active 

site that is tailored to catalyze adenine base removal [90]. Together, the combined features of 

initial recognition of 8-oxoG, and proper engagement of only adenine in the active site 

afford the enzyme with a line of defense against non-specific repair during its normal search 

and interrogation process.

3.3 New insights into the MutY mechanism

Functionally, MutY is similar to UDG in that both enzymes are monofunctional glycosylases 

that catalyze hydrolysis of an N-glycosidic bond to afford AP sites within DNA [4]. For 

several years there existed a heated debate surrounding whether or not MutY acted as a 

bifunctional glycosylase with the ability to catalyze an associated β-lyase strand scission 

reaction at the AP site product [4]. However, the rate of adenine base excision was found to 

far outpace the rate of strand scission; moreover, the extent of strand scission provided by 

the enzyme was considerably less than that provided by base quenching [91]. The observed 

weak β-lyase activity of MutY [92, 93] appears to be a result of opportunistic reactions with 

nearby lysine residues found within the active site due in part to the high affinity of MutY 

for the AP site product [4, 94]. Indeed, in Ec MutY, mutation of the Lys residue (Lys 142) 

responsible for making the transient Schiff base intermediate with the AP site did not 

diminish the glycosylase activity [95-97].

Kinetic isotope effect (KIE) studies on MutY with a G:A substrate indicated that, like UDG, 

MutY performs catalysis through a stepwise SN1 (DN*AN
‡) mechanism involving an 

oxacarbenium ion intermediate [78, 98]. The FLRC structure of Gs MutY (Figure 3C), along 
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with structural, kinetic and mutagenesis studies, suggest that a Glu residue (E43 in Gs MutY, 

E120 in MUTYH) participates in catalysis as a general acid, while an Asp residue (D144 in 

Gs MutY, D222 in MUTYH) stabilizes the build-up of positive charge in the oxacarbenium 

ion intermediate [69, 77, 78, 82, 99]. The recently published structure of Gs MutY bound to 

an azaribose transition state analog (TSAC) provides a definitive picture of the key active 

site players necessary for glycosidic bond hydrolysis [15]. In the TSAC structure, the Tyr 

126 residue is within hydrogen-bonding distance to the positively charged N1’ of 1N 

implicating a role for this residue in catalysis. Tyr 126 was also implicated to participate in 

MutY catalysis in computational studies [100]. Moreover, the single amino acid variant 

Y126F was found to have dramatically reduced A excision activity compared to WT [15]. 

Notably, Tyr 126 (Ser 120 in Ec MutY) is at the same amino acid position as the catalytic 

Lys residues found in bifunctional BER glycosylases (such as OGG1); in fact, S120K Ec 

MutY is a bifunctional glycosylase/lyase, albeit with a reduced rate for the glycosylase 

activity [101].

A surprising feature of the TSAC structure is the presence of a water molecule in the space 

occupied by the adenine base in the FLRC structure, and in close proximity to the N1’ of 1N 

in the TSAC structure (Figure 3). It was anticipated that a potential nucleophilic water 

would be located near Asp 144, on the other side of the sugar nucleotide, poised for 

nucleophilic attack at the oxacarbenium ion intermediate [15]. This suggested that if the 

water molecule in the TSAC structure represents the nucleophilic water, the base must 

depart completely before the water gains access to the active site. The ability of MutY to 

utilize methanol in its adenine excision chemistry provided the opportunity to test this 

mechanistic proposal based on the TSAC structure using two-dimensional NMR 

experiments. The MutY-methanolysis product was necessary for these experiments because 

stereochemical information of the water-mediated reaction is lost due to the equilibration of 

α- and β-anomers of the abasic site hemiacetal in solution. Through this work, our 

laboratory established that only the β-anomer of the methanolysis adduct is formed by Gs 
MutY establishing retention of stereochemistry in the MutY mechanism.

These results led our laboratory to propose a revised mechanism for MutY comprising two 

nucleophilic displacement steps similar to the accepted mechanism of “retaining” O-

glycosidases (Figure 4) [102-105]. Once the 8-oxoG:A base pair has been located, and the 

adenine base has been inserted into the MutY active site, protonation of N7 by Glu 43 

facilitates cleavage of the N-glycosidic bond to form an oxacarbenium ion intermediate in an 

SN1-like fashion consistent with KIE studies [98, 106]. Asp 144 likely plays an important 

role in stabilizing the positive charge build-up during the glycosidic bond cleavage, and then 

rapidly reacts with the oxacarbenium ion to form the transient acetal covalent intermediate. 

After formation of the acetal intermediate, adenine vacates the active site, allowing room for 

a nucleophilic water molecule to diffuse into the active site. Presumably, the second 

hydrolysis step also proceeds via an SN1-like mechanism to generate a second highly 

reactive transient oxacarbenium ion intermediate. The active site Glu 43 is positioned to 

activate the water molecule for nucleophilic attack at the C1’ carbon of the acetal 

intermediate forming the β-anomer of the final abasic site product [15]. Both the Glu and 

Asp residues have been found to be essential for catalysis, and when these residues are 
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mutated to remove the carboxylate (such as to Gln or Asn, respectively) the enzyme activity 

is completely abolished [69, 77, 82, 99]. Interestingly when the Glu residue was replaced 

with an Asp, the activity was severely diminished, yet when the Asp was converted to a 

larger Glu residue, the enzyme retained WT-like activity. The reduced activity of E43D Ec 
MutY is likely due to the shorter side chain being less efficient at protonation of N7 and 

activating the water nucleophile [82]. In addition, when the catalytic Asp was mutated to a 

Cys residue, reduced activity was observed with a shift in the pH profile consistent with the 

thiolate mimicking the role of the Asp carboxylate. These results suggest the importance of a 

residue at the position of the catalytic Asp (Cys or Glu) capable of forming a covalent bond 

with the oxacarbenium ion intermediate.

Following catalysis, MutY stays tightly bound to its abasic site product, and dissociation of 

the enzyme-product DNA complex is extremely slow [73, 107, 108]. In conjunction with a 

lack of AP lyase activity, MutY enzymes have evolved to “hold on” to the abasic site DNA 

product and protect it from potential strand scission before being handed off to an AP 

Endonuclease to continue the repair process [4]. Turnover of Ec MutY is enhanced by the 

addition of the bacterial AP endonuclease Endo IV [109]. Similarly, APE1 has been shown 

to increase turnover, and stimulate mammalian MutY 8-oxoG:A activity, and this interaction 

is mediated by direct protein-protein contacts [108, 110, 111]. Collectively the synergistic 

action of both MUTYH and APE1 ensures that faithful repair is performed without 

producing single-strand DNA breaks (SSB’s), which under accumulation may signal cell 

death.

4. MUTYH-Associated Polyposis

4.1 Discovery of MAP and clinical features

In 2002, a groundbreaking study reported a unique case of three siblings within a British 

family (Family N) that showed clinical symptoms of familial adenomatous polyposis (FAP), 

an inherited predisposition mechanism of CRC characterized by the formation of polyps 

lining the epithelial tissue of the large intestine [11]. FAP is caused by constitutional 

heterozygous mutations in the APC gene, the gene product of which is the Adenomatous 

Polyposis Coli (APC) protein, a cellular regulator of colon cell proliferation [112]. Due to 

the known familial association of the polyposis phenotype and inherited mutations in APC 
characteristic of FAP, it was surprising when DNA sequencing of Family N failed to uncover 

any inherited pathogenic APC mutations. Notably, however, sequencing of the APC gene 

from the tumors of the affected family members revealed a high proportion of G:C to T:A 

transversion mutations; this same type of mutation accumulates in MutY- and Ogg1-
deficient strains of bacteria [2, 8, 113, 114]. Suspecting faulty action within the GO repair 

pathway, sequencing of the MUTYH, OGG1 and NUDT1 genes from lymphoblastoid cells 

uncovered that the affected members of Family N possessed inherited biallelic germline 

mutations in the MUTYH gene, encoding missense variants Y165C and G382D MUTYH.

In vitro analysis of the corresponding E. coli variants Y82C and G253D MutY showed that 

both variants were catalytically compromised when compared to the intrinsic activity of 

wild-type MutY [11]. Reduced activity was observed for G:A substrates, with the rate of 

adenine excision at 37 °C reduced by roughly 98% and 86% for Y82C and G253D, 
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respectively. In addition, reactions with 8-oxoG:A lesions measured at 2 °C also revealed the 

catalytic defects of both variants; the glycosylase activity of G253D was decreased by 85% 

when compared to WT, whereas the activity of Y82C was comprised to such an extent that 

minimal substrate processing was observed. These functional assays supported the 

hypothesis that the polyposis phenotype present in Family N was a consequence of 

inefficient repair by the inherited MUTYH variants of 8-oxoG:A bps in the APC gene, 

leading to its inactivation. Since then, many efforts have demonstrated the causal link 

between the inheritance of MUTYH variants and colorectal polyposis [115-120] leading to 

classification of a distinct mechanism to early onset CRC, now referred to as MUTYH-

associated polyposis [121] [118].

The MAP phenotype most closely resembles that of attenuated FAP (AFAP), both of which 

are less severe compared to FAP in terms of the number of colorectal polyps, age of onset 

and age of developing CRC [11, 115, 122]. Currently, patients are diagnosed with MAP at a 

mean age of 45 years and harbor 15-100 colorectal polyps. MAP patients within 50 and 80 

years of age have a 20-80% chance of developing CRC. Generally, age of onset in MAP is 

later than either FAP or Lynch Syndrome (LS), an autosomal dominant CRC syndrome 

caused by inherited DNA MMR deficiencies [123-125]. The highly similar phenotypes of 

FAP, MAP and LS can be difficult to distinguish clinically. Indeed, some 10-15% of 

suspected LS cases, characterized by tumors with microsatellite instability and lack of MMR 

protein expression, cannot be explained by mutation analysis of MMR genes alone [126, 

127]. For example, a patient displaying clinical symptoms of LS was found to harbor 

somatic MSH2 mutations leading to microsatellite instability and resulting CRC. Upon 

closer inspection, the patient was found to possess biallelic germline mutations in the 

MUTYH gene that led to the accumulation of somatic transversion mutations in MSH2, 

KRAS and APC. These were the first reported findings of MAP mimicking LS, further 

highlighting the role of malfunctioning MUTYH in cancer [128].

4.2 From genetics to structure and function: Y165C and G382D

After the discovery of MAP, further analysis of Y82C and G253D Ec MutY revealed that 

both variants have diminished binding affinities for 8-oxoG:FA mispairs in vitro. Moreover, 

the mutant MutY enzymes lack the ability to distinguish between G and 8-oxoG in duplex 

DNA [129]. A structural basis for the compromised enzymatic activity of Y165C was 

provided by the Gs MutY LRC/FLRC structures, where the corresponding Tyr (Tyr 88 in Gs 
MutY, Tyr 82 in Ec MutY) intercalates 5’ of the aberrant 8-oxoG lesion, and hydrogen bonds 

with the N7 hydrogen of 8-oxoG [77, 78]. The intercalation or “wedging” role is likely 

important for locating the 8-oxoG:A mismatch based on work with the corresponding Phe 

residue in Fpg (vide supra). Furthermore, this intercalation role appears to be more 

important for stabilizing the necessary catalytic conformation, rather than simply making the 

hydrogen bond to NH7, as was demonstrated via temperature-dependent glycosylase assays 

of a series of mutated Y82X Ec MutY enzymes (where X = Phe, Cys, or Leu); these studies 

revealed the ability of Tyr to be effectively replaced by Leu without loss of activity, while 

substitution with a smaller Cys residue resulted in substantial increases in the activation 

barrier to catalysis [87]. Gly 253 is localized in a tight turn region of the protein that 

hydrogen bonds via the peptide amide backbone to phosphodiester of the 8-oxoG nucleotide 
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[77, 78]. Replacement of the Gly residue with a larger residue such as Asp or Ala likely 

destabilizes the tight turn and reduces the extent of engagement with the 8-oxoG:A base pair 

[87]. These structural and functional studies illustrate the critical roles played by both 

residues in recognizing 8-oxoG:A base pairs, a prerequisite for adenine base excision.

Detailed kinetic analysis of the adenine glycosylase activity of MUTYH variants Y165C and 

G328D has been difficult due to the low levels of overexpression and quality of the human 

protein. Indeed, this has resulted in considerable discrepancies between previous reports on 

the activity of the two human variants [130-132]. These discrepancies are likely due, in part, 

to the absence of correction for differences in active fraction, as the active fraction can vary 

considerably even among different preparations of the same WT enzyme [131, 133]. 

Expression of a maltose-binding protein fusion of WT, Y165C and G382D MUTYH in 

insect cells provides higher quality protein for detailed kinetic and post translational 

modification analysis [88, 133]. Using this approach, G382D MUTYH expressed at levels 

similar to the WT enzyme, while Y165C routinely expressed with active fractions that were 

10% of the WT enzyme [88]. Rate constants for adenine excision measured under single-

turnover conditions (correcting for active fraction) indicated an activity for G382D that is 

modestly reduced (60% of WT) while Y165C exhibited minimal activity. Of note, the 

glycosylase activities of the human variants in this work matched well with the previous 

studies on the corresponding variants in the bacterial and murine homologs [87, 88, 111, 

129, 131]. Despite the distinct differences in the in vitro kinetics, Mutyh-null mouse 

embryonic fibroblasts (MEFs) expressing Y165C and G382D MUTYH revealed that both 

forms mediate similarly low levels of repair of an 8-oxoG:A base pair in a green fluorescent 

protein (GFP) reporter plasmid [88]. These experiments illustrate that the activity of G382D 

MUTYH is more dramatically reduced within cells than the in vitro experiments indicated. 

This may be due in part to the more difficult task of repair in a cellular context [82, 87, 134], 

as well as other features that may come into play in a cellular context, such as interactions 

and competition with other proteins [88, 111]. These studies underscore the importance of 

multiple assays, along with structural studies, to fully explore the functional implications of 

specific variants.

4.3 Q324H: MAP variant or harmless polymorph?

The clinical side of MAP has moved rapidly; over 300 MUTYH variants have been reported 

in the Leiden Open Variant Database (LOVD), many of which are missense variants with no 

data on functional consequences [135]. A recent study of a large number of DNA samples 

from colorectal cancer patients found that one in 45 individuals are MUTYH mutation 

carriers [136]; these estimates were similar to those from previous studies [137]. Notably, 

only 12 well-characterized MUTYH variants (such as Y165C, G382D, and several 

truncating mutations) were tested for, and this prompts concern that such studies may 

underestimate the prevalence of MUTYH mutations. Another complicating feature is that 

some MUTYH variants are thought to be harmless polymorphisms and therefore an 

individual may be incorrectly categorized as “no risk”, even if they are a monoallelic carrier. 

This underscores the need for fully understanding the functional consequences of different 

variants in order to properly diagnose patients and assess potential CRC risk.
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The complications associated with designation of polymorph versus cancer variant is 

particularly well-illustrated with Q324H MUTYH, a variant that has long been considered a 

common polymorphism, and is particularly high in prevalence in some ethnic populations 

[138]. However, there have also been genetic studies that suggest an increased risk for CRC 

and lung cancer associated with the Q324H variant [139-142]. Analysis of the adenine 

glycosylase activity of Q324H MUTYH indicated a slightly reduced activity, similar to that 

observed with G382D MUTYH. Using the GFP-based cellular repair assay described above, 

our lab showed that 8-oxoG:A repair mediated by Q324H MUTYH was close to that of 

Y165C and G382D [88]. Using a similar approach, Mazzei and co-workers have found that 

expression of Q324H in cells was associated with 2-fold higher levels of 8-oxoG in DNA, 

hypersensitivity to oxidants and accumulation of the population in the S phase of the cell 

cycle [143]. Q324H is found in the IDC of MUTYH, an area of the protein not directly 

involved in DNA binding or catalysis, but known to facilitate key repair protein interactions 

with the Rad9-Hus1-Rad1 (9-1-1) complex and APE1 [134]. Q324H was shown to have 

reduced affinity for Hus-1 of the 9-1-1 complex compared to the WT protein [134, 144]. 

Importantly, altered interactions with protein partners such as the 9-1-1 complex may result 

in MAP due to improper signaling responses to DNA damage [23, 143].

4.4 MAP variants with a myriad of consequences

The genetic, structural and functional data for Y165C and G382D MUTYH are all 

consistent with defective repair of 8-oxoG:A mismatches leading to CRC. With many other 

variants, as illustrated above with Q324H, the data is not quite as compelling. Indeed, in 

some cases, a variant may be exceedingly rare such that the correlation with CRC cannot be 

convincingly made on the basis of genetics. The location of some MAP variants may predict 

dysfunction, however, the location and type of many missense variants are not obviously 

detrimental to function. Not all variants have been tested by a battery of assays, and by 

several laboratories, as has been the case with Y165C and G382D MUTYH. A recent review 

article catalogued the glycosylase activity of variants that have been reported [27]. There are 

many variants that have been reported to have WT or moderately reduced glycosylase 

activity, similar to the results with G382D MUTYH. In several cases, assays using the ability 

of the human MUTYH variant to complement for the lack of Ec MutY in suppressing 

spontaneous mutations have been used to gauge activity [129, 131, 145]. For example, 

Kundu et al. showed that the MAP variants P391L and Q324R had similar defects in 

glycosylase activity in vitro [131], however, their ability to prevent mutations in MutY- cells 

were starkly different; P391L was found to exhibit negligible ability to suppress mutations 

while the Q324R variant s0075ppressed mutations like the WT enzyme [131]. This again 

underscores the different functional properties of different variants, and the need to perform 

multiple types of analyses to gauge function.

Of note, MAP-associated variants have also helped to reveal the importance of domains 

outside those involved in 8-oxoG recognition and adenine base excision (Figure 5). Indeed, 

the Q324H/R variants helped to illustrate the importance of the IDC in mediating protein-

protein interactions that play an important role in DNA repair and the DNA damage 

response [14, 88, 143]. Similarly, the MAP-associated variant V315M has been shown to 

weaken a critical 9-1-1 complex binding interaction to MUTYH [146]. Modified amino 
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acids in the PCNA-binding region of MUTYH, such as P502L and R520Q, have been 

reported in MAP patients [107, 147, 148]. Functional studies in vitro have shown that P502L 

has similar DNA binding and glycosylase activity to WT enzyme, while binding affinity 

interactions with PCNA are dramatically reduced, which may more dramatically affect 

cellular repair. R520Q on the other hand was shown to have significantly reduced substrate 

binding, glycosylase activity and PCNA binding relative to WT [134].

5. MUTYH and its Metal Cofactors

MUTYH harbors two vital cofactors, both of which are located remotely from the active site 

(Figure 6). One of these cofactors, a [4Fe-4S]2+ (Fe-S) cluster, is chelated by four Cys 

residues in the N-terminal domain, and positions an Fe-S cluster loop (FCL) motif that 

mediates interactions with the DNA substrate [69]. All but a few recently identified homolog 

lineages of MutY possess this iron-sulfur cluster [149]. The second cofactor is a recently 

identified Zn2+ ion, coordinated to three Cys residues in the interdomain connector (IDC) of 

higher eukaryotic MutY homologs; this region of MUTYH has been dubbed the “Zn2+ 

linchpin motif” to embody its structural and functional roles [14]. These two MUTYH 

cofactors are essential for efficient repair in cells, but their exact role in DNA repair and 

regulation is still under investigation [14, 134, 150, 151].

5.1 The essential role(s) of the Fe-S cluster within MUTYH

Iron-Sulfur clusters are structurally and functionally diverse cofactors, found in a variety of 

DNA binding enzymes including helicases, polymerases, and glycosylases [152, 153]. The 

presence of the Fe-S cluster in the bacterial homolog MutY was originally anticipated due to 

its high sequence similarity to a bacterial glycosylase that acts on damaged pyrimidine bases 

known as Endonuclease III (EndoIII) [9]. Like EndoIII, the Fe-S cluster of MutY is 

coordinated to four highly conserved cysteinyl ligands with a spacing of Cys-X6-Cys-X2-

Cys-X5-Cys [9, 152]. Refolding experiments of MutY either in the presence or absence of 

Fe(II) and S2− demonstrated that cluster assembly is not needed for MutY re-folding; 

however, importantly, the refolded forms lacking the cluster were unable to bind to substrate 

DNA, but the affinity could be rescued by Fe-S reconstitution following refolding [154]. 

These studies underscore the importance of the proper coordination of the region around the 

Fe-S cluster and the FCL motif in order to mediate key electrostatic interactions between 

positive amino acids of the FCL and the negative DNA backbone [69, 150]. Replacement of 

the Ec MutY cluster coordinating Cys ligands using Site Directed Mutagenesis (SDM) with 

His, Ser or Ala showed higher levels of expression for a fully–coordinated Fe-S cluster and 

revealed that one of the Cys ligands anchoring the FCL motif could be replaced with a His 

ligand (C199H Ec MutY). Notably, C199H behaved similarly to WT in terms of glycosylase 

activity and mutation suppression but displayed an enhanced affinity for substrate DNA 

further implicating this region in substrate DNA binding [151, 155].

Fe-S clusters are ideally suited to participate in electron transfer processes [156], however 

MutY and MUTYH would not be expected to need redox chemistry for glycosidic bond 

cleavage based on the known mechanism of MutY (vide supra). Electrochemical assays 

utilizing DNA-modified gold electrodes demonstrated that the Fe-S cluster of Ec MutY is 
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able to redox cycle with a midpoint potential of +90 mV versus NHE, similar to that 

observed for High-potential (HiPIP) Fe-S cluster proteins [157]. Consistent with the signal 

arising from the Fe-S cluster, C199H MutY exhibited a signal with a shifted potential [157]. 

This study also established that the electrochemical signal is sensitive to perturbations in the 

DNA helix, such as the presence of an AP site [157]. The importance of DNA binding for 

the redox chemistry and the similarity in redox potential of Fe-S clusters in several BER 

glycosylases led the Barton laboratory to propose a novel hypothesis that electron exchange 

between repair enzymes via DNA-mediated charge transport (CT) may serve as a 

mechanism to locate DNA damage [157-161]. This damage location strategy relies on the 

integrity of the DNA helix to facilitate the CT between enzymes distally separated. DNA 

damage and mispairs attenuate DNA-mediated CT, causing the DNA repair enzyme to 

remain engaged on DNA and continue its genome-wide search for damage [162, 163].

5.2 MAP variants surrounding the Fe-S cluster

Thirteen known MAP-associated MUTYH variants are near the Fe-S cluster and the FCL 

signifying the impact of this region on MUTYH repair: R295C, P281L, C276W, R227W/Q, 

V232F, R233X, R231C/G/H/L, and G272E/X (Figure 5). While some of these variants have 

been studied in detail, other variants are hardly mentioned in the literature [27, 119, 134, 

164]. Some studies have generated contradictory results for the same variant, which causes 

the pathogenicity of certain variants to be disputed [165]. Of the variants listed, R295C has 

been heavily studied, and demonstrated to have reduced affinity for damaged DNA, slower 

rate of adenine excision and significant reduction in active fraction compared to wild type 

[134]. Furthermore, R295C retained Hus1 affinity despite the variant’s location within the 

9-1-1 complex binding domain [134]. This result contradicted a previous study [166], 

leading to the consideration that some variants’ defects may be more subtle than others 

which, as a result, could require a more detailed investigation of adenine glycosylase 

kinetics to reveal the true extent of any defects that are present [134]. Indeed, the results of 

the functional assays with R295C MUTYH are reminiscent of those described above with 

G382D MUTYH, where the defects in the glycosylase assay are subtle, and dependent on 

the conditions of the assay [88].

The variant P281L was shown to have extremely compromised substrate DNA binding 

affinity, resulting in minimal levels of adenine excision and very low levels of active 

MUTYH [134]. The Pro residue lies within the solvent exposed and highly conserved FCL 

motif of MUTYH, and the low level of activity is consistent with the key role the FCL motif 

plays in damaged substrate recognition. The tendency of Pro residues to introduce kinks, in 

conjunction with the bulkiness of a Leu residue, suggests that the Leu replacement results in 

significant conformational changes to the FCL that effectively restrict its ability of 

effectively engage an 8-oxoG:A mismatch. The R227W MUTYH variant is also quite 

interesting in that the corresponding Arg in the bacterial counterparts was implicated to be 

close to DNA on the basis of photo-crosslinking [167] and the LRC structure [77]. Notably, 

Arg 227 is also located within the hMSH6 binding domain of MUTYH. This variant 

displays severe defects in 8-oxoG:A processing yet has no effect on the physical interaction 

with hMSH6 [168]. V232F also shows defects in 8-oxoG:A lesion binding and glycosylase 

activity yet this variant’s interaction with hMSH6 is unchanged. Using a bacterial 

Banda et al. Page 13

Free Radic Biol Med. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



complementation assay, both human variants exhibited a reduced ability to prevent DNA 

mutations relative to WT MUTYH [168].

R233X and C276W variants have yet to be evaluated for their effects on MUTYH-mediated 

repair. Only brief mentions of the discovery of these two variants exist in the literature [169, 

170]. R233X is a nonsense mutation first discovered in a compound heterozygote polyp 

patient that also had the Y165C mutation in the MUTYH gene [170]. Given that R233X is a 

nonsense mutation, the likely protein product is a truncated protein that lacks the Fe-S 

cluster. Cys 276 corresponds to one of the Cys ligands of the Fe-S cluster that is part of the 

FCL. Replacement of this Cys with a Trp would be expected to alter activity, potentially by 

destabilizing the Fe-S cluster. Of note, previous SDM on the Cys ligands in Ec MutY (vide 
infra) showed a large difference depending on which Cys residue was substituted and the 

nature of the substitution. Moreover, the results indicated that replacement of the Cys 

ligands of the FCL was more readily tolerated than the other Cys ligands [151].

Several of the cluster-associated variants have population-dependent frequencies, such as 

R231C/H/L and G272E [171-173]. R231H is present in Swiss populations and both R231C 

and G272E are present in Japanese populations. Notably, the R231H/L and G272E variants 

were demonstrated to have severely reduced DNA binding and repair activity [171-173]. 

Curiously, the R231C variant may provide a new potential ligand that could alter the native 

cluster coordination, impacting enzyme functionality. Alternatively, Arg 231 may be another 

positively charged-residue in this region that is participating in interactions with the DNA 

phosphodiester backbone, given the variants spatial proximity to the FCL.

5.3 Discovery of a novel Zn2+ linchpin within the IDC of MUTYH

Connecting the C- and N-terminal domains of MUTYH is the fifty-six amino acid long IDC. 

Interestingly, the IDC of MUTYH is significantly longer than that of its bacterial homologs 

[14]. Furthermore, H. sapien MUTYH shares 78% sequence homology to M. musculus 
Mutyh and only 41% sequence homology to Ec MutY [61, 62, 174]. Previous studies have 

revealed that this evolved region within eukaryotic MUTYH homologs participates in 

interactions with DNA repair response enzymes [107, 108, 175-177]. The presence of the 

“Zinc Linchpin” motif of the IDC was initially suggested by the observation of three highly 

conserved Cys residues within the IDC of MUTYH mammalian homologs with a spacing of 

Cys-X6-Cys-X2-Cys [14]. Metal analysis of M. Musculus Mutyh revealed the presence of a 

single Zn2+ ion in addition to the four Fe atoms of the N-terminal Fe-S cluster [14]. EXAFS 

analysis of M. musculus Mutyh revealed that the Zn2+ ion is most likely tetra-coordinated 

either to four sulfur atoms, or three sulfur and one-two oxygen/nitrogen-containing ligands 

[14]. Surprisingly, however, in the crystal structure of a truncated form of MUTYH (Figure 
6) the three conserved Cys are in a disordered region of the protein, and there is an absence 

of a coordinated Zn2+ ion [177]. It is likely that the Zn2+ ion was lost during purification or 

crystallization. Importantly, SDM of the Zn2+ coordinating Cys ligands to Ser or Ala 

significantly reduced the active fraction of enzyme in vitro, suggesting that the Zn2+ linchpin 

plays an important role in engaging the DNA substrate. In addition, the Cys ligand mutations 

that resulted in loss of the coordinated Zn2+ ion also resulted in the loss of the ability to 

complement for the lack of MutY in suppressing mutations in bacteria. Notably, replacement 
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of the two key Cys residues required for Zn2+ coordination with Ser (C325S and C328S 

MUTYH) greatly reduced the Fe-S cluster retention as demonstrated by UV/vis absorbance 

measurements and metal analysis [14]. This suggests that the two metal cofactor sites are not 

only important for MUTYH function, but that their functions may be intimately connected to 

each other.

5.4 MAP variants within the IDC

The Zn2+ ion is coordinated to Cys residues located near several known protein docking 

sites within the IDC of MUTYH [14]. One of these protein partners is the receiver of the 

MUTYH AP site product, APE1 [107, 110]. In addition, the Zn2+ linchpin is located within 

the 9-1-1 complex binding domain [146, 177]. Both MUTYH and the 9-1-1 complex 

participate in an ATR-mediated Chk1 activation cell signal cascade [178] [179]. The mutated 

Gln of the MAP variant Q324H, is also within the Zn2+ binding site, and this variant was 

shown to have reduced interaction with the 9-1-1 complex as discussed previously [134]. 

The importance of Zn2+ coordination for MUTYH repair is evident, however further studies 

evaluating the importance of the metal ion for interactions with protein partners and 

potential consequences due to adjacent MAP variants are needed. One of the Zn2+ linchpin 

ligands has also been recorded as a MAP variant (C318R); the potential consequence of 

changing the metal chelating ligand to that of a basic residue warrants further 

experimentation [180]. Remarkably, histone deacetylase protein SIRT6 has also been shown 

to interact with MUTYH in a region of the IDC that also contains MAP variants, and this 

interaction also deserves further inquiry [181]. Many more of the IDC MAP variants need a 

quantitative functional assessment as their contribution to pathogenicity still remains 

unknown.

6. Beyond MAP: Other implications of MUTYH in Medicine

6.1 A Balancing Act: MUTYH prevents cancer through suppressing mutations or inducing 
cell death

Following the actions of NUDT1 and OGG1, MUTYH is the third line of defense against 

the deleterious effects of 8-oxoG. However, it takes the action of all three enzymes to 

prevent accumulation of 8-oxoG within DNA. It has previously been shown that Ogg1-

deficient and Mth1-deficient mice accumulate 8-oxoG in mitochondrial and nuclear DNA 

[182, 183]. As 8-oxoG:A lesions build up after replication, Mutyh expression was shown to 

cause cell death [23, 184, 185]. Indeed, Ogg1/Mth1 double-KO mice do not develop lung 

tumors, whereas Mutyh-KO mice have the most significant increase in spontaneous tumor 

formation when compared to Ogg1-KO and Mth1-KO mice [186, 187]. When OGG1 is 

preferentially expressed in either the mitochondria or nucleus of Ogg1-KO MEFs, 8-oxoG 

can selectively accumulate in mitochondrial or nuclear DNA. As 8-oxoG:A lesions form in 

either DNA, Mutyh-mediated adenine excision generates a massive build up of AP sites, 

which can then form SSB’s after the action of an AP endonuclease [184]. In the nucleus, 

poly (ADP-ribose) polymerase (PARP) activation acts as a molecular SSB sensor, depleting 

cellular ATP and NAD+ concentrations, as well as activating apoptosis inducing factor 

(AIF), both of which lead to cell death. In mitochondria, the buildup of SSB’s activates 

calpains which induce lysosomal rupture ultimately leading to cell death (Figure 7). siRNA 
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knockdown of Mutyh has been shown to efficiently suppress SSB formation in nuclear and 

mitochondrial DNA [184].

Similar findings have also been reported in bacteria, where Foti et al. demonstrated that the 

toxicity of beta-lactams and quinolones, oxidative bactericidal antibiotics, is due to the 

incomplete repair of double-strand breaks formed from closely spaced 8-oxoG lesions. 

Lethality of the antibiotics were suppressed in cells lacking MutT (NUDT1 homolog) and 

MutY [188].

By implementing MUTYH, the cell has evolved to avoid the pass-down of mutated genetic 

formation and subsequent tumorigenesis in two ways: by helping to restore G:C base-pairs 

that may otherwise be lost due to 8-oxoG formation, and by helping the cell execute cell 

death in the event that the genome is beyond faithful repair. Indeed, it has recently been 

reported that p53 acting as a transcription factor targets the MUTYH gene, thus regulating 

MUTYH expression as a mediator of p53 tumor suppression [189]. Collectively, these 

findings establish clear roles for MUTYH in the prevention of cancer. However, recent 

evidence has shown that MUTYH overexpression may be detrimental and contribute to the 

pathogenesis of neurological disorders.

6.2 The Dark Side: MUTYH and neurodegenerative diseases

Increased oxidative stress and 8-oxoG formation are hallmark characteristics of 

neurodegenerative disorders such as Alzheimer’s, Huntington’s and Parkinson’s disease 

[17-19]. Not surprisingly, altered gene expression profiles for glycosylases involved in the 

GO Repair pathway have been shown to be linked to disease pathogenesis [16-19]. 

Expression levels of NUDT1, OGG1 and MUTYH, for instance, have been shown to be 

upregulated in the mitochondria of dopaminergic neurons in the brains of Parkinson’s 

disease patients [190].

In 2012, Sheng et al. showed that OGG1- and NUDT1-deficient microglia and neurons 

selectively accumulate high levels of 8-oxoG in mitochondrial DNA and nuclear DNA, 

respectively [191]. In these cells, MUTYH expression led to an accumulation of SSBs and 

subsequent activation of PARP in nuclear DNA, and calpains in mitochondrial DNA. Both 

mechanisms trigger cell death ultimately contributing to neurodegeneration. MUTYH-

induced neurodegeneration was pronounced such that Ogg1/Mutyh double-KO cells 

exhibited significantly higher resistance to oxidation-induced striatal degeneration when 

compared to Ogg1 KO and WT cells [191].

7. Concluding Remarks and Perspectives

The 2015 Nobel Prize in Chemistry was awarded to Tomas Lindahl, Paul Modrich and Aziz 

Sancar for “having mapped, at the molecular level, how cells repair damaged DNA and 

safeguard the genetic information” [192]. Indeed, the work of Lindahl and Modrich led to 

the discovery of MutY, and its unusual activity as an adenine glycosylase. These discoveries 

paved the way for uncovering the important role of MutY and MUTYH in preventing 

mutations associated with 8-oxoG, and the discovery of MAP. The role of MUTYH variants 

in MAP underscores the harmful nature of oxidatively damaged DNA, and the importance of 
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mechanisms for maintaining the genome in the face of continued oxidative insults. Despite 

the large amount of work on delineating the structural and functional properties of MutY, 

new features have recently been unveiled. One of these new discoveries was uncovering the 

presence of a previously unrecognized Zn2+ ion in the IDC of MUTYH, and demonstrating a 

critical role for the Zn2+ linchpin motif in damage recognition and repair. This discovery, 

along with the many new studies of Fe-S clusters in BER glycosylases, and other DNA 

repair enzymes, prompt additional work on determining how these metal sites may be 

utilized during MUTYH-mediated DNA damage response, and the potential impact of MAP 

variants on metal cofactor function. In addition, the discovery that MutY is a retaining 

glycosidase prompts additional studies to further define this mechanism, and to determine if 

similar mechanisms are operative in other BER glycosylases. Moreover, these mechanistic 

features may be exploited to design new therapeutic strategies to target MUTYH. Lastly, the 

details by which MutY finds 8-oxoG:A mismatches is still unclear, and the exact defects of 

many MAP variants are also a mystery. We envision that structural, biophysical and 

mechanistic studies of MUTYH and MAP variants will be even more needed going forward. 

Lastly, we anticipate that new discoveries of the role of MUTYH in human disease will 

come from many directions, such as those capitalizing on new advances in DNA sequencing, 

as well as probing gene functions in cells with new gene editing tools.
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Abbreviations

G guanine

C cytosine

A adenine

T thymine

MMR mismatch repair

BER base excision repair

UDG uracil DNA glycosylase

8-oxoG 8-oxo-7,8-dihydroguanine

CRC colorectal cancer

MUTYH MutY homolog
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MAP MUTYH-associated polyposis

RONS reactive oxygen and nitrogen species

AP apurinic-apyrimidinic or abasic

APE1 apurinic/apyrimidinic endonuclease

Fpg formamidopyrimidine DNA glycosylase

OGG1 8-oxoguanine glycosylase 1

NUDT1 nudix hydroylase

IDC interdomain connector

Gs Geobacillus Stearothermophilus

Ec Escherichia coli

LRC lesion recognition complex

WT wild type

FA arabino 2'-fluoro-2'-deoxyadenosine

FLRC fluorine lesion recognition complex

HhH helix-hairpin-helix

FCL iron-sulfur cluster loop

TSAC transition state analog complex

1N azaribose transition state analog

TS transition state

KIE kinetic isotope effect

SSB single-strand break

FAP familial adenomatous polyposis

APC adenomatous polyposis coli

LS Lynch syndrome

MSH2 MutS homolog 2

MEF mouse embryonic fibroblast

GFP green fluorescent protein

PCNA proliferating cell nuclear antigen

RPA replication protein A
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9-1-1 Rad9-Hus1-Rad1

SDM site directed mutagenesis

CT charge transport

hMSH6 human MutS homolog 6

PARP poly (ADP-ribose) polymerase

AIF apoptosis inducing factor

KO knock out
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Highlights

• MutY is a unique BER glycosylase that removes adenine from 8-oxoG:A 

mispairs

• Dysfunctional MUTYH variants are associated with MUTYH-associated 

polyposis (MAP)

• There are many MAP variants that have a myriad of functional consequences

*MUTYH contains a recently identified Zinc-linchpin motif that is required for efficient 

mismatch recognition and repair

• New structural and mechanistic information indicated that MutY is a retaining 

glycosidase
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Figure 1. 
The DNA contexts of 8-oxoG. When a normal G:C base pair (A) is damaged to form an 8-

oxoG:C base pair (B), 8-oxoG may adopt a syn conformation about its glycosidic bond to 

form a stable 8-oxoG:A base pair after a round of replication (C). Following a subsequent 

round of replication, where A is in the template DNA strand, a T:A base pair results (D).

Banda et al. Page 32

Free Radic Biol Med. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The “GO” repair pathway. Depiction of the GO repair pathway, featuring the key base 

excision responsibilities of OGG1 and MUTYH.
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Figure 3. 
Structural insight into the mechanism of MutY. (A) Crystal structure of prokaryotic Gs 
MutY (PDB ID: 5DPK) bound to DNA (grey) containing 8-oxoG (hot pink) opposite the 

azasugar transition state mimic, 1N (yellow). The N-terminal domain of MutY (blue), 

contains the catalytic machinery for adenine excision, including the signature HhH-GPD 

motif (purple) and the [4Fe-4S]2+ cluster (orange and yellow spheres). The NUDT1-like C-

terminal domain of MutY (red) primarily serves in 8-oxoG recognition. The IDC (green) of 

bacterial homologs of MutY wraps across the DNA major groove. (B) Close up of 8-oxoG 

(hot pink) in the active site of MutY. 8-oxoG experiences extensive interactions with MutY, 

stabilizing the damaged base (interacting amino acids are labeled and colored in forest 

green). Comparison of the substrate base analogs (C) FA (of PDB ID: 3G0Q, FLRC crystal 

structure) and (D) 1N (of PDB ID: 5DPK, TSAC crystal structure) within the active site of 

Gs MutY. Amino acid residues of MutY that are in close proximity to the FA/1N (yellow) 

nucleotides are labeled and colored in forest green. The position of the potential catalytic 

water molecule within close proximity to N1’ of 1N is labeled as H2O in panel D. In panels 

B, C, D, water molecules are depicted as red spheres, distances are demonstrated by yellow 

dashes, and elements are depicted with oxygen in red, nitrogen in blue, and phosphorous in 

orange.
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Figure 4. 
Revised mechanism for MutY-catalyzed adenine excision. (A) The recently proposed double 

displacement mechanism for MutY enzymes based on methanolysis studies that revealed 

retention of configuration at the anomeric carbon. This result suggests the involvement of a 

covalent intermediate, most likely involving Asp 144, in analogy to similar work with 

retaining O-glycosidases. (B) The oxacarbenium ion-like transition states formed during the 

proposed MutY mechanism. For both TSs, a highly dissociative transition state based on 

previous KIE measurements is shown; the extent of participation of the nucleophile in the 

two TSs remains to be established.
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Figure 5. 
MAP map. Crystal structure of prokaryotic Gs MutY (PDB ID: 5DPK) bound to DNA (light 

grey) containing 8-oxoG (black) opposite 1N (yellow). MAP variants and domains discussed 

in this review are indicated on the MAP map and correspond to the MUTYH homologous 

positioning on the structure of MutY. *Note, for consistency with previous work, the amino 

acid positions are based on the 535 amino acid MUTYH isoform α-3 (UniProt ID# 

Q9UIF7-3). The positions of MUTYH MAP variants in the LOVD are categorized both by 

the longer 549 MUTYH isoform numbering (such that Y165C corresponds to Y179C), as 

well as the numbering of the shorter aforementioned isoform.
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Figure 6. 
The fragment crystal structure of H. sapien MUTYH (PDB ID: 3N5N) lacking the C-

terminal 8-oxoG recognition domain, with close-ups to metal binding sites. Located in the 

N-terminal catalytic domain of MUTYH (blue) is the [4Fe-4S]2+ cluster (Fe2+/3+ in orange 

spheres and sulfide in yellow spheres, with Cys ligands as sticks, sulfur highlighted also in 

yellow) as well as the HhH GPD motif (purple). Linking the N- and C-terminal domains is 

the IDC (green), which contains the Zn2+ linchpin motif (Cys ligands responsible for 

coordinating Zn2+ metal shown as sticks, sulfur highlighted in yellow) and is conserved 

amongst higher eukaryotic homologs.
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Figure 7. 
Schematic illustrating the roles of MUTYH in preventing carcinogenesis. MUTYH activity 

prevents of mutations associated with 8-oxoG by removing A from 8-oxoG:A mismatches 

(blue). However, under conditions that produce overwhelming numbers of 8-oxoG:A 

lesions, the A excision activity of MUTYH, and subsequent product of strand breaks 

provides signals that lead to cell death that prevent tumorigenesis (green).
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