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Detection of OG:A lesion mispairs by MutY relies on interactions
of a single His residue with the 2-amino group of 8-oxoguanine
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Abstract

MutY glycosylase excises adenines misincorporated opposite the oxidatively damaged lesion, 8-
oxo-7,8-dihydroguanine (OG), to initiate base excision repair and prevent G to T transversion
mutations. Successful repair requires MutY recognition of the OG:A mispair amidst highly
abundant and structurally similar undamaged DNA base pairs. Herein we use a combination of /in
vitro and bacterial cell repair assays with single molecule fluorescence microscopy to demonstrate
that both a C-terminal domain histidine residue and the 2-amino group of OG base are critical for
MutY detection of OG:A sites. These studies are the first to directly link deficiencies in MutY
lesion detection with incomplete cellular repair. These results suggest that defects in lesion
detection of human MutY variants may prove predictive of early onset colorectal cancer known an
MUTYH-associated polyposis. Furthermore unveiling these specific molecular determinants for
repair makes it possible to envision new MUTYH-specific cancer therapies.
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One of the most insidious DNA lesions is 8-0xo-7,8-dihydroguanine (OG) (Fig. 1A) due to
its ability to form promutagenic OG:A mismatches during DNA replication. MUTYH plays
a crucial role in preventing OG-associated G to T transversion mutations by excising A from
OG:A mismatches, thereby initiating base excision repair (BER).1 Inherited functionally
compromised MUTYH variants are associated with a colorectal cancer predisposition
syndrome known as MUTYH associated polyposis (MAP), which is characterized by an
accumulation of G to T transversions in APC and other tumor suppressor genes.>:6
Arguably, the most crucial step for initiation of MUTYH-mediated repair is proper
recognition and discrimination of rare OG:A mismatches over highly abundant and
structurally similar canonical DNA base pairs (bp) (Fig. 1).

Structure activity relationships determined for bacterial MutY with modified OG:A
substrates have indicated that damage detection and processing occurs in multiple stages and
may differ for /n vitro assays that utilize short oligonucleotides when compared with cellular
assays using longer plasmid-based substrates.’ 8 In these studies, modifications to the 8-oxo
position of OG significantly decreased /in vitrokinetics and lesion affinity, while removal of
the 2-amino group of OG (8-oxoinosine, 801, Fig. 1D) only modestly impacted these
parameters. In contrast, MutY-mediated cellular repair of a damage-containing plasmid was
found to be highly sensitive to any modification of the OG structure, including removal of
the 2-amino group.

These differences led us to propose that the 2-amino group of OG is required for initial
detection and recognition of OG:A lesions - a process that is more demanding in the context
of excess undamaged DNA in cells. Notably, the base pairing of A with OG in the syn
conformation projects the 2-amino group into the major groove of the DNA helix resulting
in a unique structural signature of the OG:A lesion distinct from canonical bps (Fig. 1A-C).”
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The sensitivity of MutY repair to the 801 substitution suggests that specific structural motifs
in MutY serve as “sensors” of interhelical OG:A bps through interactions with the 2-amino
group of OG. In recent X-ray structural studies of Geobacillus stearothermophilus (GS)
MutY, we uncovered the importance of a highly conserved H3gsXFSH3gg loop within the C-
terminal domain that tucks into the major groove proximal to the OG (Fig. 1E).%:10
Modeling using several Gs MutY structures®-11 suggests that H309 (H296 in £. coli) may be
appropriately positioned to detect the 2-amino group of OGgy,; (Fig S1). In the current study,
we employed a combination of single molecule (SM) fluorescence microscopy DNA search
assays, /in vitro glycosylase and binding measurements, and a plasmid based cellular repair
assay to investigate the search and repair behavior of £. co/iWT and H296A MutY on
OG:A and 80I:A damage sites. Our results show that both elements are crucial for
identifying and repairing the OG:A lesion.

In order to probe the roles of the 2-amino group and H296 residue on MutY activity, adenine
glycosylase assays were performed using 30 bp DNA duplexes containing a central OG:A or
80I:A bp with WT or H296A MutY. The rate constants (K>) of adenine excision by WT or
H296A MutY were measured under single turnover (STO, [E] > [DNA]) conditions (Fig.
2A, S2). Dissociation constants (Kp) for OG:A and 80I:A, also using 30 bp substrates, were
measured using a catalytically inactive E37S MutY, and for WT and H296A MutY using a
non-cleavable substrate analog OG:FA (where FA = 2’-deoxyfluoroadenosine) (Fig. $3).12
Cellular lesion repair was determined by transformation of a lesion-carrying plasmid into £.
coli expressing WT or H296A, or lacking MutY, followed by plasmid extraction and
restriction digestion to measure conversion of the lesion to G:C (Fig. 2B).78:13

Remarkably, the results with H296A MutY acting on OG:A substrates 7 vitroand in cells
mirrored those with WT MutY acting on 801:A substrates. Specifically, the adenine excision
rate constant K, was decreased 2-fold in both scenarios (Fig. 2A, S2).” H296A MutY
showed a significantly decreased (150-fold) binding affinity for an OG:FA duplex (Kp =
3+1 nM) compared to WT MutY (Kp = 0.02 + 0.01 nM; Fig. S3). This decrease is more
dramatic than the 10-fold decrease observed in the case of 80I:A (Kp = 0.04 + 0.01 nM)’
versus OG:A duplex (Kp <0.003 nM) with E37S MutY. Furthermore, H296 A MutY-
mediated cellular repair (%G:C) of an OG:A - containing plasmid was minimal over
background, and only slightly higher than WT MutY with the 80I:A plasmid substrate (Fig.
2B).” These results imply that in context of a large excess of undamaged DNA and rare
OG:A lesions, H296 AMutY was incapable of recognizing the mispair. The /n vitro rate
constant of adenine excision for H296 A MutY with the 80I:A duplex was 35-fold reduced
relative to the value observed for either modification with the WT enzyme or substrate (Fig.
2A, S2), indicating a synergistic interaction between H296 and the 2-amino group of OG.

In order to directly observe real-time damage search behavior of individual Qdot labeled WT
and H296A MutY, we utilized SM DNA tightrope assays (Fig. S4). SM tightropes were up
to 30 um in length and contained a single damage site for every 2626 undamaged DNA base
pairs (Fig. S4, S5). SM trajectories show paused displacement events for WT in the presence
of OG:A sites (Fig. 3A, S4, S6), but noticeably fewer of these pauses for WT on 80I:A sites
(Fig. 3A, S4, S7) or H296A on OG:A sites (Fig. 3A, S4, S8),
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Residence time at the damage site was measured for a subset of trajectories in which the
position of the enzyme relative to damage sites could be mapped with reference to fiducial
dye markers (Fig. 3B, Fig. S6-S8). These encounter lifetimes were then fit to a single
exponential for WT and H296A MutY on undamaged DNA, and WT MutY on 80I:A-
containing DNA (Fig. 3B). Decay curves were fit to two exponentials for WT and H296A
MutY on OG:A-containing DNA (Fig. 3B). The fast transit diffusion lifetimes for all five
conditions are approximately 1s, within error of each other, and are consistent with the
expected rate for random diffusion tracking along the DNA backbone (i.e. no recognition of
a damage site).14 Importantly, the single fast transit time observed in SM trajectories of WT
MutY in the presence of 80I:A damage sites indicates no significant pausing or recognition
of the damage analog site and likely no catalysis in the context of the DNA tightrope. In
contrast, WT MutY on OG:A forms a stable enzyme-damage complex in at least 50% of
encounters. H296 A MutY shows a small (13%) population of slow diffusion encounters with
OG:A, suggesting some nominal recognition of damage sites consistent with the minimal
repair of OG:A in cells. However, persistent H296A MutY pausing at damage sites is not
shown in the time weighted diffusion histograms that describe overall H296 A MutY
behavior on OG:A (Fig. 3D) or in the overall binding lifetime data (Fig. S9). Overall binding
lifetimes were fit using survival estimator methodologies as described by Kaplan and Meier
(Fig. S9).15 Only WT MutY on OG:A showed an overall binding lifetime that was
significantly longer than lifetimes for the other conditions, and the bound fraction did not
drop to zero at the maximum observation time (300s).

To characterize the diffusive behavior of all molecules for each SM condition, SM data were
analyzed using time-weighted sliding window diffusion analysis (Fig. 3C, D).1416 This
approach reveals diffusive behavior for all trajectories that persist for longer than 60 frames.
In the absence of damage, WT MutY primarily scans rapidly along undamaged DNA
tightropes at a rate consistent with random rotational diffusion along the DNA backbone
(Dmax ~ 0.01 um?/s) (Fig. 3C).16:17The presence of OG:A sites leads to a significant
decrease in WT MutY diffusion to a rate consistent with pausing (Dmax < 0.001 um#/s).14.16
In the presence of 801:A, WT MutY shows primarily fast diffusion indicating no recognition
of the damaged base analog (Fig. 3C). H296A MutY diffusion on undamaged DNA is
almost indistinguishable from WT MutY on undamaged tightropes.

Similar to WT MutY on 801:A, H296A MutY shows almost no slow diffusion or pausing in
the presence of OG:A (Fig. 3D). These results suggest that H296 A MutY damage
recognition events are rare and short-lived compared to WT MutY. Whole trajectory MSD
analysis of diffusion constants resulted in mean values that corroborate the time-weighted
diffusion analysis (Fig. 3E).

This work demonstrates that both the 2-amino group of OG and the MutY H296 are
essential for detection of the OG:A bp in the context of large tracts of undamaged DNA, and
MutY lesion detection deficiencies lead to failed overall repair of OG:A in cells. /n vitro
adenine cleavage assays are less sensitive to changes in these sensor features. Although
removal of the 2-amino or H296 decreased adenine excision rates only 2-fold, the
cumulative effect of removing both decreased the rate of A excision by almost two orders of
magnitude, indicating a possible direct interaction between the two features. One potential
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sensing mechanism involves initial pausing of MutY via a steric clash between H296 and the
2-amino group of OG. Additional interactions mediated by electrostatics or H-bonding may
in turn trigger a cascade of conformational changes leading to base pair opening and adenine
insertion in the active site. The sensitivity of MutY to a single change in the HXFSH loop
suggests a yet unrecognized class of MUTYH recognition domain variants that may play a
role in increased transversion mutations leading to carcinogenesis.

The HXFSH loop is located far from the active site pocket or DNA intercalation loop of
MutY and is a unique structural feature to MutY homologs. The unexpected importance of
the two singular positions of H296 and the 2-amino of 801 for lesion detection points to a
novel paradigm for cancer therapies. Inhibitors that target the initial lesion detection step by
MUTYH may confer synthetic lethality to cancer cells that are deficient in other DNA repair
pathways.18

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Recognition of OG:A through 2-amino group of OG and MutY HXFSH loop.

OG 5y Agnsi ispairs (A) place the 2-amino group in the DNA major groove, providing a
structural signature distinct from other bps, such as T:A (B) or G:C (C); removal of the 2-
amino group of OG provides 801 (D), Crystal structure of Gs MutY bound to the TS analog,
OG:1N (PDB ID 6U7T), shows rotation of OG from syrnto anti and extrusion of A into the
active site following lesion recognition (E).19 The HXFSH loop (teal) protrudes into the
helix with H309 (H296 in £. coli MutY) proximal to OG . (purple) Inset (E), Rotation of
OG tit0 OGgyp, for the interhelical OG:A would position the 2-amino group more closely
to H3009.
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Figure 2: Mutation of H296 and removal of 2-amino group of OG impair MutY activity.
(A) Mean adenine excision rates (K>) of WT and H296A MutY on OG:A and 801:A7

substrates. (B) Extent of WT or H296A MutY mediated repair as determined by conversion

of OG:A or 80l:A to G:C in E. coli.
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Figure 3: Single Molecule Studies of MutY Lesion Detection.
(A) Representative displacement trajectories proximal to a lesion site marked in red (more

trajectories in Sl). (B) Residence time for binding to damage sites in DNA tightropes. Two
exponential fits were used for WT MutY (1.4 £ 0.3 s (56%); 9.4 + 2.7 s (44%); 152 events)
and H296A (1.0 £ 0.09 s (87%); 5.9 + 5.1 s (13%); 188 events) on OG:A. Single exponential
fits were used for WT MutY on 801:A (1.1 £ 0.02 s, 241 events), WT MutY on undamaged
(1.2 £ 0.04 s, 462 events), and H296A on undamaged (0.97 £ 0.02 s, 318 events). (C) Time-
weighted sliding window analysis (60 frame window) for WT MutY on undamaged (black),
OG:A (green), and 80I:A concatemers (red trace). (D) Time-weighted analysis of diffusive
behavior of H296A in the presence of OG:A (blue) and undamaged DNA concatemers
(black), Y-axis shows total number of frames in C and D. (E) Mean value of trajectory-
weighted diffusion constants of the conditions in C and D (error bars represent SEM,
****p<0.0001, two tailed).
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