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1School of Biological Sciences, University of Utah, 257 S 1400 E, Salt Lake City, Utah, 84112

2Department of Chemistry, University of California, Davis, California, 95616
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Abstract

The adenine glycosylase MutY selectively initiates repair of OG:A lesions and, by comparison, 

avoids G:A mispairs. The ability to distinguish these closely related substrates relies on the C-

terminal domain of MutY which structurally resembles MutT. To understand the mechanism for 

substrate specificity, we crystallized MutY in complex with DNA containing G across from the 

high-affinity azaribose transition state analog. Our structure shows that G is accommodated by the 

OG site and highlights the role of a serine residue in OG versus G discrimination. The functional 

significance of Ser308 and its neighboring residues was evaluated by mutational analysis, 

revealing the critical importance of a beta-loop in the C-terminal domain for mutation suppression 

in cells, and biochemical performance in vitro. This loop comprising residues Phe307, Ser308, and 

His309 (Geobacillus stearothermophilus sequence positions) is conserved in MutY but absent in 

MutT and other DNA repair enzymes, and may therefore serve as a MutY-specific target 

exploitable by chemical biological probes.

Aberrant DNA modifications that arise from chemical reactions with exogenous and 

endogenous agents are considered “DNA damage” since these modifications put biological 

systems at risk. DNA repair enzymes mitigate this risk by counteracting chemical damage 

that otherwise would erode information content of DNA.1 Guanine is particularly prone to 

oxidative damage due to its low redox potential.2 Oxidation of G results in 8-oxo-7,8-

dihydroguanine (OG) which differs from G by only two atoms (Figure 1). The OG lesion is 

especially problematic because the syn conformer mispairs with adenine during DNA 

replication. The guanine oxidation (GO) repair pathway prevents mutations that otherwise 

would arise from OG template ambiguity (Figure 2). The GO repair pathway features 
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enzymes MutT, MutM/Fpg, and MutY.3 MutT (MTH1 in humans) prevents misincorporation 

of OG across A by hydrolyzing OGTP to remove it from the nucleotide pool.4,5 Fpg (the 

MutM gene product) in bacteria and its human ortholog hOGG1 initiate base excision repair 

(BER) by removing OG from OG:C base pairs. When replication proceeds before Fpg/

hOGGI-mediated repair, an OG:A mispair may arise. The BER enzyme MutY (MUTYH in 

humans) removes A from OG:A mispairs and is thus a last defense to prevent G:C to T:A 

transversion mutations (see Figure S1 for mechanism of adenine excision).

Clinical variants of each of these GO-pathway enzymes have been identified in association 

with cancer.6 Inherited variants of MUTYH lead to increased frequency of somatic G:C to 

T:A mutations which can accelerate colon cancers by disabling genes, especially the APC 

tumor suppressor gene, a situation now designated MUTYH associated polyposis (MAP),7 

reviewed recently.8,9 The GO-pathway enzymes are of additional biomedical interest as 

validated targets for cancer therapy.10 Cancer cells experience higher oxidative stress 

compared to quiescent cells and are often reliant on a particular DNA repair enzyme, 

providing opportunities for therapeutic intervention. Indeed, knockdown of MUTYH 

expression favorably impacted the proliferative potential and apoptotic rate of cells derived 

from pancreatic cancers indicating inhibitors of MUTYH may provide a route to pancreatic 

cancer cell-killing drugs.11

MutY is unique among BER glycosylases as it targets an undamaged base mispaired with a 

chemical lesion on the opposite DNA strand. Locating the OG:A mispair is therefore a more 

complex molecular recognition assignment than finding and removing a damaged base on 

one strand of DNA (e.g. deoxy-U by UDG, or alkylated A by AlkA). Domain-deletion 

analysis previously indicated that OG recognition is a function provided by the C-terminal 

domain (CTD), a domain which is not found in other protein superfamily members.12 When 

the CTD was removed, the catalytic N-terminal domain (NTD) processed OG:A and G:A 

with diminished preference for the cognate OG:A lesion, conferring a mutator phenotype for 

E. coli expressing MutY-NTD.13–15 This observation led to the view that the OG-recognition 

site of MutY resides within the CTD by analogy with MutT, which is homologous to MutY-

CTD and which also recognizes the OG base moiety.13,16

MutY acts on OG:A mispairs,17,18 avoids undamaged bases and mismatches such as G:T, 

yet shows activity towards the G:A mismatch.19 Indeed, differences in the degree of product 

inhibition experienced by MutY processing G:A compared to OG:A mismatches can lead to 

the impression that G:A substrates are preferred.20 However, OG:A lesions are the primary 

substrate of MutY as evidence by in-cell DNA repair assays.21 It makes sense that MutY 

evolved with OG:A preference and, by comparison, G:A aversion since adenine removal in 

the later context is mutagenic. Unlike the mismatch repair system, MutY does not 

distinguish the template parental DNA strand from the newly synthesized daughter DNA 

strand. By contrast, adenine removal from OG:A mispairs suppresses mutations, a situation 

ensured by MutT which minimizes the likelihood of incorporating OG in the daughter DNA 

strand. Curiously, MutY substrate preference does not completely exclude G:A substrates. 

MutY-dependent BER converts G:A sites to G:C in vitro.19 Also, MutY acting on G:A 

mismatches contributes to hyper-recombination,22 and MutY seems to cooperate with MutS 
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to process G:A sites in DNA appropriately.23 MutY thus solves an intriguing molecular-

recognition puzzle with subtle, not exclusive preference for OG:A lesions.

The first x-ray structures of MutY in complex with DNA revealed MutY interacts with the 

OG base in an anti conformation and intra-helical position, largely through contacts with 

hydrogen-bonding residues and an intercalating tyrosine provided by the NTD, none of 

which are expected to be OG-specific.24 One residue of the CTD, Ser308, provided an OG-

specific hydrogen bond to O8 and an ambiguous hydrogen bond to N7 suggesting a 

mechanism for OG versus G discrimination but also leaving unanswered questions as to how 

MutY preferentially attacks OG:A lesions.24 The same OG interactions were noted in a 

recent structure of MutY engaged in a Transition State Analog Complex (TSAC),25 created 

by incorporating OG on one DNA strand across from the DNA strand containing the 

transition state analog (3R,4R)-4-(hydroxymethyl)pyrrolidin-3-ol, hereafter referred to as 1N 

(Figure 1), which mimics shape and charge properties of the oxacarbenium ion.26–28

To extend the structural and chemical basis for OG recognition, we report here a crystal 

structure of MutY from Geobacillus stearothermophilus (Gs MutY) in complex with DNA 

containing undamaged G across from 1N. We will refer to this structure as the TSAC-G:1N 

to distinguish it from the previously described TSAC-OG:1N structure.25 The TSAC-G:1N 

structure reveals that G is accommodated in the OG-recognition site, implying that MutY 

does not contain an alternative site to exclude G. Ser308 in the CTD of Gs MutY changes 

hydrogen bonding partners in response to the OG-to-G perturbation, yet all of the other 

molecular interactions with DNA including electrostatic interaction between 1N and Asp144 

at the active site remain intact. Altering or deleting residues Phe307, Ser308 and His309 

within a conserved FSH loop reduced the mutation suppression function of MutY, impaired 

DNA-binding stability and slowed the kinetics of adenine removal, with an overall reduction 

in OG:A versus G:A selectivity. These results identify the FSH loop as a structural element 

within the CTD of MutY critical for DNA repair efficiency, which is significant as this can 

guide development of chemical biology probes specifically targeting sites within MutY that 

are remote from yet mechanistically coupled to the active site.

Results and Discussion

Structure determination.

In our effort to understand the chemical mechanisms and molecular recognition events 

underlying DNA repair by MutY, we determined its structure in complex with DNA 

containing undamaged G paired with the 1N transition state mimic. Crystals were grown as 

previously described,25 except the OG DNA lesion was replaced with a normal G nucleotide 

across from 1N. MutY-DNA disulfide crosslinking (DXL) has previously been applied to 

stabilize lesion scanning, substrate and product analog complexes;24,29,30 however, DXL 

was not needed for crystallization of MutY with DNA containing 1N,25 probably a 

consequence of exceptionally high affinity for the TS analog.25,26 Diffraction data to the 2.0 

Å resolution limit were collected at the Advanced Light Source SIBYLS beamline.31 Initial 

phases were obtained by molecular replacement using the TSAC-OG:1N structure (PDB ID 

5DPK).25 Refinement by multiple rounds of energy minimization with PHENIX32 and 

model rebuilding with Coot33 yielded a final structure with excellent stereochemistry 
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(r.m.s.d. bond length = 0.003 Å; bond angle = 0.7 degrees), 98% of residues within the 

favorable region and no residues in the excluded region of the Ramachandran plot, a 

MolProbity all atom clash score of 2.1, and R-work = 0.247/R-free = 0.271. See 

Supplemental Table S1 for additional data collection and model refinement statistics. The 

final model of Gs MutY includes residues 6–360 with the exception of residues 275–276 and 

288–291; both regions of missing electron density are found at the tips of beta-loops pointed 

away from the DNA. The DNA structure comprises 21 nucleotides many of which are base 

paired. The DNA strand containing the critical G base has a 5’ terminal, unpaired 

overhanging base, and the DNA strand containing the 1N TS mimic has a 5’ terminal 

nucleotide that was not visible in electron density maps.

Overview of the structure.

The helical bundles of Gs MutY-NTD position the helix-hairpin-helix motif into the 

exaggerated minor groove of the DNA, bending it by a characteristic ~45-degree angle 

(Figure 3), as previously observed for MutY structures of the lesion recognition complex,24 

the fluorinated lesion recognition complex,29 and the 1N transition state analog complex.25 

An extended linker (residues 226–235) passes across the major groove but makes no 

significant contact with DNA. The CTD comprises a highly twisted beta sheet that 

assembles with two alpha helixes, one alpha helix contouring each face of the sheet. Of 

these, the longer C-terminal alpha helix (residues 345–360) points its amino terminus at the 

3’-phosphate of the G nucleotide to orient the helix dipole moment favorably with the 

negatively charged DNA backbone.

A pattern of elevated temperature factors indicates that the CTD is more flexible compared 

with the NTD and DNA. The average B-value for the CTD is 75 Å2, comparable to the 

average B-value for the extended inter-domain linker region, and substantially higher than 

the average B-values for the NTD and DNA which are each 50 Å2 (Figure S2). A similar 

pattern is apparent for previously determined MutY structures complexed to DNA 

containing OG, suggesting that CTD flexibility is an inherent property, not the consequence 

of substrate substitution.

Many of the residues with direct interactions to the G nucleotide are provided by the NTD, 

as described further below. Residues at the tip of a loop connecting two beta strands within 

the CTD, come in close van der Waals (VDW) contact with the G base, and make salt 

bridges to phosphate groups of the DNA. This beta-loop in the CTD, comprising residues 

Phe307, Ser308 and His309 (abbreviated hereafter as the FSH loop), inserts itself between 

the major groove of the G nucleotide and the extended inter-domain linker (Figure 3).

G fits into the OG site.

Undamaged G fits into the same site that recognizes OG. Evidence comes from initial 

difference maps viewed after molecular replacement with the TSAC-OG:1N structure (PDB 

ID 5DPK) that showed the O8 atom highlighted by negative density (red), consistent with 

placement of G in the OG site (Figure S3A). This negative peak along with other features in 

the electron density maps assured us that the x-ray data were able to define subtle 

differences in the new structure and that phases were not unduly influenced by model bias. 

Russelburg et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2021 January 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Replacement of OG with G during refinement eliminated the negative density, and the final 

simulated annealing (SA) composite omit maps fit perfectly with G at the OG site in TSAC-

G:1N (Figure S3B) and OG at the OG site in TSAC-OG:1N (Figure S3C). BER 

glycosylases commonly isolate anti-substrate bases away from their active sites in an “exo-

site.” Other structures determined for MutY in complex with OG:C34 and for hOGG1 in 

complex with undamaged DNA35 highlight the use of exo-sites that bind with the off-target 

nucleobase and thus prevent non-cognate sites from being processed. For each of these 

examples, the base being engaged by the active site or intercepted by the exo-site must flip 

out of the DNA helix. By contrast, in the case of OG recognition by MutY the base 

maintains an intra-helical disposition, which probably precludes the exo-site strategy, 

necessitating a different mechanism to avoid G:A mismatches.

Altered hydrogen bonding for Ser308 in TSAC-G:1N and TSAC-OG:1N.

Ser308 is of particular interest because in the previously described MutY-DNA structures 

this residue hydrogen bonds with O8 and H7,24,25,29 the two atoms that distinguish OG from 

G. Expectedly, in the TSAC-G:1N structure the C8 position of G no longer hydrogen bonds 

to the peptide amide of Ser308. It was unexpected, however, that MutY would forfeit both 

hydrogen bonds involving OG-specific atoms. The sidechain of Ser308 has surprisingly 

switched hydrogen bonding partners from the N7 position to a solvent molecule. The altered 

Ser308 rotamer in the TSAC-G:1N structure is strongly supported by electron density maps 

(Figure 4A). When Ser308 of TSAC-G:1N was modeled with the same rotamer as found in 

TSAC-OG:1N, strong positive and negative peaks emerged in the |Fo| − |Fc| difference map 

(Figure 4B) indicating incorrect rotamer placement and eliminating the null-hypothesis that 

Ser308 is unaffected by OG-to-G substitution. The converse is also true; when Ser308 of 

TSAC-OG:1N was modeled with the rotamer observed in TSAC-G:1N, the |Fo| − |Fc| 

difference map showed inverted positive and negative peaks (Figure 4C). By contrast, the |

Fo| − |Fc| difference maps were essentially featureless when the structure-specific rotamers 

for Ser308 were re-instated (Figure 4A and Figure 4D).

The Ser308 sidechain is ambivalent concerning hydrogen bond polarity and therefore 

replacement of N7-H with N7: lone pair electrons would not, per se, preclude hydrogen 

bonding interactions with Ser308 since the hydroxyl group can both donate and accept 

hydrogen bonds. When describing the Lesion Recognition Complex (LRC) Fromme et al. 
point out the significance of Ser308 in OG versus G discrimination and suggest that polarity 

reversal of its hydrogen bond with N7 could impact an extended molecular interaction 

network involving Ser308, Tyr88 and the OG base.24 Our TSAC-G:1N structure supports 

and extends these ideas, as we now clearly see that the Ser308 disengages from N7: of G. 

The hydrogen bond breaks and Ser308 finds a new hydrogen-bonding partner in a solvent 

molecule. Ser308 retains a hydrogen bond with Tyr88 in both structures, and in TSAC-G:1N 

Ser308 maintains contact with C8 and N7 of G through van der Waals interactions. In this 

way, the hydrogen-bonding network connecting the OG recognition site to the active site 

appears highly preserved between the TSAC-G:1N and TSAC-OG:1N, even though 

hydrogen bonds involving Ser308 are different (Figure S4).
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Molecular interactions connecting the OG site to the active site.

The current structure with G retains many of the molecular interactions seen previously for 

OG at the OG site.24,25 Figure 5 maps the DNA-protein contacts involving the G nucleotide. 

Aromatic stacking interactions fix the G base within the helical stack of base pairs in the 3’ 

direction and intercalated Tyr88 in the 5’ direction. The nucleobase adopts an anti 
conformation just as seen for OG in other MutY-DNA structures. The Watson Crick face and 

minor groove edge of G primarily interact with MutY’s NTD. There are no hydrogen 

bonding interactions with the Hoogsteen face of G, unlike the TSAC-OG:1N structure where 

Ser308 hydrogen bonds with N7 and O8 of OG. Residues from both domains make salt 

bridges with the 5’ and 3’ phosphate groups of G (Figure 5). The Watson Crick face of G 

interacts with a conserved, extended structure involving residues Gln48 and Thr49 that 

connects two alpha-helices found within the 8-helix cluster comprising the catalytic domain 

of MutY. Specifically, the central amine (atom N1) of the Watson-Crick face hydrogen 

bonds with the carbonyl oxygen of the peptide connecting Gln48 and Thr49, and the 

exocyclic amine (atom N2) hydrogen bonds with the hydroxyl group of Thr49. Together, 

these interactions partially replace hydrogen bonds found for G:C base pairs. Moreover, 

these hydrogen bonds involving G and the residues Gln48 and Thr49 are preserved for OG 

in the TSAC-OG:1N structure and build a more extensive network of covalent and hydrogen 

bonds that connect the OG-recognition site to the catalytic active site (Figure S4).

Active site interactions with 1N are unaltered.

Plasmid-based DNA repair assays in cells and kinetic characterization in vitro determined 

that MutY strongly prefers OG:A over G:A substrates.20,21 This functional difference 

motivated us to search for structural differences at the active site comparing TSAC-G:1N 

and TSAC-OG:1N. To fairly compare the two models, we updated the refinement of TSAC-

OG:1N by extending the resolution of included data to 2.0 Å and applied the same 

parameters and protocols as applied for refinement of TSAC-G:1N (see Experimental 

Methods in Supporting Information). This refinement update increased the number of 

reflections by 25% and improved the MolProbity clash score for TSAC-OG:1N from 8.1 to 

2.8 with only subtle adjustment to atom positions (R.M.S.D 0.14 Å; less than the coordinate 

error 0.35 A). The position and 1’-exo sugar pucker of 1N and its interactions with catalytic 

residues (Tyr126, Asp144 & Asn146) appear highly comparable for the two TSAC 

structures (see Figure S4 and Figure S5). Absence of significant structural differences at the 

active site suggests that the late transition state (TS2) mimicked by 1N is stabilized to the 

same degree regardless of whether the OG site is occupied by G or OG, implying also that 

selection for OG:A and avoidance of G:A is determined at an earlier point during substrate 

engagement and TS1 stabilization.

Mutation suppression of FSH variants.

Ser308 sits at the tip of the FSH loop that connects two beta strands in the CTD of MutY. 

This residue is part of a HXF(S/T)H motif that is conserved among MutYs, but not found in 

other BER enzymes (Figure 6). We investigated the importance of Ser308 and neighboring 

positions for mutation suppression function by replacing or deleting FSH residues and 

measuring the frequency of rifampicin resistant cells in overnight cultures. The FSH variants 
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were created in the context of a chimera protein with N-terminal domain derived from MutY 

of E. coli and the C-terminal domain derived from MutY of G. stearothermophilus 
(EcNGsC). This chimera MutY strategy made it possible to correlate functional changes to 

experimentally determined structural features in the C-terminal domain of Gs MutY. The C-

terminal domain of Ec MutY has eluded structural biologists, and expression of full-length 

Gs MutY proved to be toxic to the reporter strain (see Experimental Methods in Supporting 

Information).

Table 1 reports the median frequency of rifampicin resistant (RifR) mutants, which is a 

proxy for the mutation frequency. As expected, negative control cultures lacking MutY 

expression (null in Table 1) displayed a 29-fold increase in RifR frequency compared to 

reference cultures expressing EcNGsC. Of note, cultures expressing Ec MutY from the 

pKK223 plasmid had a small but statistically noticeable 3.4-fold increase in median RifR 

frequency compared to reference cultures suggesting that the EcNGsC chimera MutY 

performed as well as and was, if anything, better at tracking down and removing 

promutagenic lesions than the version of MutY found naturally in E. coli.

Cultures expressing single amino-acid substitution variants of EcNGsC, YSH, ASH, FAH, 

and FVH, produced RifR frequencies similar to reference cultures, indicating that functional 

performance was not impacted by replacing Phe307 with smaller or slightly bigger side 

chains and also not impacted by removing the hydroxyl group of Ser308. Cultures 

expressing the double amino-acid substitution variants of EcNGsC, FPD and AAH, 

displayed a greater than 5-fold increase in RifR frequency. Cultures expressing EcNGsC 

with the three FSH residues deleted (Del FSH in Table 1) experienced an even larger 11-fold 

increase in RifR frequency, attaining a mutation frequency within 3-fold of the null cultures 

that did not express MutY.

The FPD sequence is found in the structural homolog MutT (see Figure 6). That some 

mutation suppression function was retained for the FPD variant of EcNGsC is consistent 

with the hypothesis that MutY was created through fusion of a MutT-like domain to an 

ancestral adenine glycosylase.13 The alanine substitution variants of EcNGsC, ASH, FAH 

and AAH, complete a double-replacement cycle with apparent non-additivity since 

performance was retained following single-alanine replacement, yet a strong reduction in 

performance was produced by double replacement. This outcome, along with the graded 

response for the more drastic deletion variant, suggest that function of the FSH loop is 

distributed among several residues with redundancy and not completely dependent on a 

single position. Moreover, these results convince us that this highly conserved region, 

located remote from the site of catalysis, is critical for MutY’s core function to suppress 

mutations in cells.

DNA-binding performance of selected FSH variants.

To understand the molecular basis for FSH loop function we pursued in vitro 

characterization of DNA binding and glycosylase reaction kinetics, measuring dissociation 

constants (Kd) and adenine removal rate constants (k2) described by a minimal kinetic 

scheme (Scheme 1). DNA binding affinity for the EcNGsC chimera MutY and selected FSH 

loop variants was evaluated by monitoring electrophoretic mobility of a non-cleavable DNA 
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with fluorine-substituted adenine (FA-DNA) as a function of enzyme concentration (Figure 

7A and Figure S6). The data were fit to a single-site binding model to derive apparent 

dissociation constants (Kd) for the FA-DNA–EcNGsC complex (Table 2). The EcNGsC 

chimera MutY bound OG:FA-DNA tightly with apparent Kd = 0.46 (±0.05) nM at 25 °C and 

0.1 M sodium chloride, comparable to the dissociation constant measured for Ec MutY by 

this method, Kd = 0.12 (±0.05) nM.38 The complex with G:FA-DNA [Kd = 3 (±2)] was 

noticeably less stable compared to the complex with OG:FA-DNA indicating OG versus G 

specificity derives partly from DNA-binding energy in the case of EcNGsC, although not to 

the same degree as previously reported for Ec MutY.38

Changes in the FSH loop destabilized the DNA-enzyme complex as evidenced by a shift to 

higher apparent Kd in the binding titrations. The EcNGsC MutY variant with Ala replacing 

Ser308 (FAH) bound DNA less tightly, with an ~8-fold increase in the apparent Kd for both 

OG:FA-DNA and G:FA-DNA. The molecular interactions involving Ser308 seen in the 

TSAC crystal structures apparently contribute to DNA-binding stability. The FAH variant 

retains a preference for OG:FA-DNA over G:FA-DNA, a finding that was reinforced by 

patterns in the kinetic data, as discussed in the next section. Replacement of two residues 

(AAH) or deletion of the FSH residues (Del FSH) had a more drastic effect on OG:FA-DNA 

binding with Kd climbing to 30 nM. Significantly, these variants no longer showed a 

preference for DNA containing OG versus G. This study corroborates the idea that the FSH 

loop and its molecular interactions with DNA are critical for lesion DNA-binding stability 

and OG recognition.

Kinetic performance of selected FSH variants.

We next turned our attention to the second step of the adenine removal reaction and 

measured the rate of adenine cleavage, k2, under single-turnover conditions as previously 

described (Scheme 1).20 Figure 7B shows reaction time courses, and Table 3 reports k2 

measured with DNA substrates containing OG:A and G:A mismatches. We tested EcNGsC 

chimera MutY at both 37 °C and 60 °C, and selected 60 °C as the standard condition for 

evaluating FSH variants since the adenine removal rate and specificity were improved by 

increasing the temperature. Apparently, the thermo-preference of MutY is determined, at 

least partially, by adaptations in the C-terminal domain.

Notably, the features of adenine removal and substrate preference measured for EcNGsC 

were highly comparable to that of Ec MutY. The chimera exhibited “burst” kinetics under 

conditions of multiple turnover (not shown) similar to Ec MutY consistent with high affinity 

for the product, confirming appropriateness of a similar minimal kinetic scheme.20 Together 

with the mutation suppression phenotype in cultures and high affinity for DNA (Table 2), 

this outcome validates the chimera strategy since EcNGsC was demonstrated to function in 

cells and retained biochemical behavior consistent with an OG:A-specific adenine 

glycosylase. The impact of replacing Ser308 with Ala on adenine removal rate was 

measurable but modest (see FAH EcNGsC in Figure 7B and Table 3). As was the case for 

DNA binding, this single-alanine replacement had no impact on specificity assessed here as 

k2-OG/k2-G. These outcomes are consistent with no measurable impact on mutation 

suppression function in cells observed for FAH EcNGsC. The hydrogen bond between the 
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sidechain of Ser308 and N7-H of OG observed in crystal structures of Gs MutY and 

discussed as the determinant of OG specificity is apparently not as important for function in 

cells nor a major determinant of OG specificity, although it does contribute to DNA-binding 

stability and efficiency of adenine removal. We believe that the hydrogen bond between 

Ser308’s peptide amide and O8 of OG, which is expected to remain intact upon substitution 

with alanine, may play a more significant role in OG versus G specificity.

Double-alanine substitution (AAH EcNGsC) and deletion (Del FSH EcNGsC) severely 

impacted kinetic performance and specificity for the OG:A substrate. The adenine removal 

rate for these variants of EcNGsC MutY was ~10-fold diminished for OG:A, but only ~2-

fold diminished for G:A containing DNA substrate with a net reduction in OG versus G 

specificity (Figure 7 and Table 3). Indeed, the vestigial specificity remaining for AAH and 

Del FSH variants is less than specificity determined for a truncated EcN MutY(residues 

1-224), also measured by k2 ratios.39 This pattern mirrors the mutator phenotype observed 

for cultures expressing the AAH and Del FSH variants in the rifampicin resistance assay 

(Table 1), which retained some mutation suppression function, but were within 5-fold and 3-

fold, respectively, of the mutation rates measured for null cultures lacking any MutY. 

Cultures expressing the truncated EcN MutY(1-224) also exhibited a mutator phenotype 

with RifR frequencies within 2.3-fold of null cultures.14 These outcomes tell us that much, if 

not all, of the function provided by the entire CTD of MutY hinges on the FSH residues.

Finding OG lesions and avoiding undamaged bases involves multiple steps.

The structure presented here shows stabilizing interactions for 1N when opposed by G that 

appear identical to those seen when the OG site is occupied by its cognate base, explaining 

how G:A substrates can be processed by MutY. The differing interactions of Ser308 with G 

and OG, with two hydrogen bonds for the later and an absence of hydrogen bonds for the 

former, also explains why product inhibition is less for G:A substrates. The complete picture 

for MutY’s aversion for undamaged DNA, including G:A sites, almost certainly involves 

intermediates which precede the late state mimicked by IN-containing structures. Structure-

activity relationships previously revealed the critical importance of the 2-amino group for 

OG lesion identification.42 The 2-amino group makes similar molecular interactions with the 

NTD of MutY for both TSAC-Ganti:1N and TSAC-OGanti:1N (see Supplemental Figure S4), 

but its location in DNA prior to late-stage engagement with MutY will be different and 

therefore distinguishing. Upon initial encounter with MutY the 2-amino group is expected to 

be in the minor groove for Ganti:Aanti and in the major groove for OGsyn:Aanti. The idea 

emerging from SAR analysis and structural models of the early MutY-lesion encounter is 

that the 2-amino group bumps into and engages with an element of MutY located in the 

CTD.30,42 Our herein mutational, DNA-binding, and kinetic analysis of Ser308 and its 

neighbors illustrate the functional importance of the FSH loop and highly suggests this 

initial 2-amino OG major groove-specific encounter involves the FSH loop of MutY’s C-

terminal domain. A caveat here is that at this early point in lesion identification, the FSH 

structure may be different from the one observed in any previously determined structure. 

Indeed, flexibility in the CTD, deduced from elevated B-values (Figure S2), and also from 

absence of electron density in the lesion scanning complex,30 may be essential for structural 

adjustments in the FSH loop that support a transition from an early-stage encounter to the 
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late-stage engagement needed to bend the DNA, convert OGsyn to OGanti and extrude 

adenine into the catalytic site.

Significance for targeting MUTYH with chemical biology probes.

Insights from our structural, biological and chemical investigation are significant for guiding 

the design of MUTYH-specific chemical biology probes. There are several motives for the 

development of such probes. MUTYH is implicated in colorectal and pancreatic cancer.7,11 

Additionally, inhibition of BER sensitizes cancer cells to chemotherapy, especially in 

cancers deficient in other DNA damage response pathways.10,43 Small molecule inhibitors 

identified by high-throughput screening against the BER enzyme hOGG1 increase the OG 

burden in cells and are currently being tested in animal models for inflammation and 

diseases such as cancer.44,45 Glycosylase inhibitors that mimic the early TS1 transition state, 

synthesized through an innovative application of copper assisted “click” chemistry to DNA, 

succeeded in creation of ultra-high affinity ligands and identified design principles that can 

favor inhibition of a particular glycosylase.46 These TS1 mimics necessarily target the active 

site of MUTYH, which was found to be “druggable” as judged by computational analyses.47 

While highly promising, allosteric inhibitors may have an advantage over TS mimics, as the 

former are expected to be less susceptible to competition with DNA. Our work suggests 

small molecules targeting allosteric sites found in the CTD of MUTYH may succeed in 

chemical biology applications. An allosteric inhibitor targeting the FSH loop, for example, is 

expected to impair glycosylase function, especially altering substrate specificity, and may 

leave intact other non-canonical signaling functions of MUTYH (reviewed in Raetz and 

David 2019).9

Conclusions

We set out to uncover key elements of OG recognition with a structure of G. 
stearothermophilus MutY-DNA complex containing G:1N. In our TSAC-G:1N structure we 

found that G occupies the OG site with different hydrogen bonding partners for Ser308 

depending upon base identity in the OG detection site. We evaluated the importance of 

Ser308 and neighboring residues in the FSH loop and found that these residues are critical 

for function, yet, interestingly, no single residue was irreplaceable. Altering two or more of 

the FSH residues compromised mutation suppression function in vivo and severely reduced 

biochemical performance in vitro, including DNA-binding affinity, efficiency of adenine 

removal, along with OG:A versus G:A substrate specificity. The FSH loop appears to be 

critical for most, if not all, of the function provided by the C-terminal domain of MutY and 

thus defines a highly localized site, remote from, yet mechanistically coupled, to the active 

site that could be targeted in drug discovery.

Materials and Methods

Detailed methods are described in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Overview of OG, TS and 1N analog structures. The chemical structure of guanine (G) and 8-

oxo-7,8-dihydroguanine (OG) differ only slightly by changes in atoms attached at positions 

7 and 8. The positively charged and extremely unstable oxacarbenium ion transition state is 

mimicked in terms of shape and charge by the inert 1N TS analog.
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Figure 2. 
The GO repair pathway. MutY acts as a final line of defense to prevent G:C to T:A 

mutations that otherwise would accumulate consequent to reactive oxygen species (ROS).
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Figure 3. 
Overview of Gs MutY in complex with DNA containing G paired with 1N. The N-terminal 

domain (cyan) and C-terminal domain (navy) surround the DNA (all atom stick model in the 

left-hand and expanded view; surface in the right-hand view). The 1N TS analog (black 

transparent surface) engages with catalytic residues of the active site found in the NTD. On 

the opposite DNA strand, the G base (green transparent surface) adopts the anti 
conformation stacked between a DNA base pair and Tyr88. FSH residues (purple) contact 

the DNA on the major groove side. The overall architecture of TSAC-G:1N shown here is 

highly comparable to previously determined structures of MutY in complex with DNA, 

especially the TSAC-OG:1N structure.
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Figure 4. 
Difference maps define Ser308 side chain rotamer selection. Ser308 assumes different 

interactions and altered rotamer positions when G is present in the OG site compared to 

when OG is present in the OG site. (A) G (green) occupies the OG recognition site as seen 

in the TSAC-G:1N structure. (B) Ser308 (navy blue) in TSAC-G:1N showed a 5.0σ positive 

(green) peak and an 8.2σ negative (red) peak when modeled with the same rotamer as found 

in TSAC-OG:1N indicating incorrect model placement. (C) Ser308 of TSAC-OG:1N 

showed a 6.4σ positive peak and a 5.2σ negative peak when modeled with the same rotamer 

as found in TSAC-G:1N. (D) OG (yellow) as found in the TSAC-OG:1N structure. The 2|Fo|

−|Fc| difference maps (gray) are contoured at 1.0σ. Positive and negative peaks in the |Fo|−|

Fc| difference maps are contoured at 3.5σ.
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Figure 5. 
Molecular interactions at the OG detection site. The OG site is made up of residues from 

both the NTD (cyan shading) and the CTD (violet shading). The G base interacts with 

rotamer “1” of Ser308 and OG interacts with rotamer “2”. For the G base X represents a 

lone-pair electron and Y represents a hydrogen atom. For the OG base X represents a 

hydrogen and Y represents an oxygen. Ser308 in the CTD is the only residue that makes 

interactions with OG-specific atoms, and these interactions are altered upon replacement of 

OG with G.
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Figure 6. 
MutY alignment. The HXF(S/T)H region (shaded) is highly conserved among MutY from 

different species. Prepared with PROMALS3D.36,37
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Figure 7. DNA-binding and kinetics.
(A) DNA-binding isotherms measured by EMSA. EcNGsC MutY with FSH residues intact 

(FSH, blue triangles) and the S308A variant (FAH, black circles) each bound OG:FA-DNA 

(filled symbols) and G:FA-DNA (open symbols) with markedly different midpoints (see 

Table 2 for Kd values). The variants AAH (red squares) and Del FSH (green triangles) 

appear to all have very similar curves for the two substrates indicating a loss of OG versus G 

specificity. (B) Adenine glycosylase reactions. The left-hand panel highlights early 

timepoints and the right-hand panel shows full time-courses. EcNGsC MutY and the FAH 
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variant processed OG:A and G:A with markedly different rates under single-turnover 

conditions at 60 °C (Table 3). Notably, this specificity indicator diminished or vanished for 

the variants with double-alanine replacement (AAH) and FSH residues deleted (Del FSH).
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Scheme 1. 
Minimal Kinetic Scheme for Glycosylase Reaction
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Table 1.

RifR mutant frequency

MutY Variant Median RifR (95% CI) *
Mutation frequency 

(per 108 cells) 
‡ N cultures Fold change compared to EcNGsC (95% CI) 

*

null 210 (200 – 260) 46 91 29 (17 – 42)

Ec MutY 24 (18 – 36) 8.8 45 3.4 (1.7 – 5.2)

EcNGsC 7.0 (5.5 – 13) 1.2 144 1

YSH EcNGsC 9 (6 – 11) 1.3 51 1.3 (0.67 – 1.8)

ASH EcNGsC 8 (6 – 10) 2.3 75 1.1 (0.61 – 1.7)

FVH EcNGsC 8 (5 – 12) 2.4 55 1.1 (0.50 – 1.8)

FAH EcNGsC 8 (5 – 13) 1.5 81 1.1 (0.61 – 2.0)

FPD EcNGsC 40 (33 – 50) 4.8 50 5.7 (3.2 – 8.3)

AAH EcNGsC 38 (30 – 61) 9.4 68 5.4 (2.7 – 9.1)

Del FSH EcNGsC 80 (54 – 130) 16 68 11 (5.5 – 19)

*
95% confidence intervals obtained by bootstrap estimation.

‡
Mutation frequency reported as the median number of RifR cells per 100 million AmpR cells (see also Methods provided with Supporting 

Information).
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Table 2.

DNA-enzyme complex stabilitya

MutY Kd (nm) OG:FA Fold Change relative to 
EcNGsC

Kd (nm) G:FA Fold Change relative to 
EcNGsC Specificity

Ec MutY 0.12 (±0.05) 
b

5.8 (±0.6) 
b 50 (±20)

EcNGsC 0.46 (±0.05) 1 3 (±2) 1 6 (±4)

FAH EcNGsC 4 (±2) 8 (±4) 24 (±3) 9 (±6) 6 (±3)

AAH EcNGsC 30 (±20) 50 (±40) 18 (±6) 6 (±5) 0.7 (±0.5)

Del FSH EcNGsC 30 (±20) 60 (±40) 27 (±9) 10 (±7) 1.0 (±0.7)

a
Dissociation constant Kd was measured at 25 °C using 10 pM radiolabeled DNA in reaction mixtures containing 0.1 M sodium chloride. The Kd 

values are reported as the average of at least three trials. Uncertainties are one standard deviation. Specificity was calculated as the ratio of Kd 
measured for G:FA and OG:FA DNAs. Uncertainties for fold change and specificity were derived by propagation of error.

b
Kd values previously reported.38
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Table 3.

Adenine cleavage rate and specificitya

MutY T (°C) k2 (min−1) OG:A Fold reduction k2 (min−1) G:A Fold reduction Specificity

Ec MutY 37 12 (±2) 
b

1.80 (±0.05) 
b 7 (±1)

EcN MutY (1-224) 37 0.39 (±0.07) 
c

0.15 (±0.01) 
c 2.6 (±0.5)

Gs MutY 60 54 (±4)
d

0.44 (±0.04) 
e 120 (±10)

EcNGsC
37 1.6 (±0.1) 0.33 (±0.02) 4.8 (±0.4)

60 8 (±1) 1 1.0 (±0.1) 1 8 (±1)

FAH EcNGsC 60 5.1 (±0.2) 1.6 (±0.2) 0.6 (±0.1) 1.7 (±0.3) 8 (±1)

AAH EcNGsC 60 1.0 (±0.2) 8 (±2) 0.4 (±0.1) 2.5 (±0.7) 2.5 (±0.8)

Del FSH EcNGsC 60 0.6 (±0.1) 13 (±3) 0.5 (±0.1) 2.0 (±0.4) 1.2 (±0.3)

a
Rate constant k2 was measured using 20 nM DNA and excess enzyme in reaction mixtures containing 0.05 M sodium chloride. The k2 values are 

reported as the average of at least three trials. Uncertainties are one standard deviation. Specificity was calculated as the ratio of k2 rate constants 

measured for OG:A and G:A DNAs. Uncertainties for fold reduction and specificity were derived by propagation of error.

b
k2 values previously reported.40

c
k2 values previously reported.15

d
k2 values previously reported.25

e
k2 values previously reported.41
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