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ABSTRACT

Proper repair of oxidatively damaged DNA bases is
essential to maintain genome stability. 8-Oxoguanine
(7,8-dihydro-8-oxoguanine, 8-oxoG) is a dangerous
DNA lesion because it can mispair with adenine (A)
during replication resulting in guanine to thymine
transversion mutations. MUTYH DNA glycosylase is
responsible for recognizing and removing the ade-
nine from 8-oxoG:adenine (8-oxoG:A) sites. Biallelic
mutations in the MUTYH gene predispose individuals
to MUTYH-associated polyposis (MAP), and the most
commonly observed mutation in some MAP popula-
tions is Y165C. Tyr165 is a ‘wedge’ residue that in-
tercalates into the DNA duplex in the lesion bound
state. Here, we utilize single molecule fluorescence
microscopy to visualize the real-time search behav-
ior of Escherichia coliand Mus musculus MUTYH WT
and wedge variant orthologs on DNA tightropes that
contain 8-oxoG:A, 8-oxoG:cytosine, or apurinic prod-
uct analog sites. We observe that MUTYH WT is able
to efficiently find 8-oxoG:A damage and form highly
stable bound complexes. In contrast, MUTYH Y150C
shows decreased binding lifetimes on undamaged
DNA and fails to form a stable lesion recognition
complex at damage sites. These findings suggest
that MUTYH does not rely upon the wedge residue
for damage site recognition, but this residue stabi-
lizes the lesion recognition complex.

INTRODUCTION

Base excision repair (BER), a pathway conserved from bac-
teria to humans, is implicated in cancer initiation and tu-
mor progression ((1-7), and for reviews see (8,9)). The BER

pathway is responsible for the removal of the majority of
endogenous DNA lesions (for reviews see (10-13)), includ-
ing oxidized guanine. Guanine has the lowest redox poten-
tial of the four DNA bases and it is readily oxidized to
7,8-dihydro-8-oxoguanine (8-0xoG). When paired with cy-
tosine (C), this mutated base is directly recognized and re-
moved by hOGG1 DNA glycosylase (for a review see (14))
before it is repaired by downstream enzymes in the short
patch repair pathway. However, if 8-0xoG is present dur-
ing replication, replicative polymerases will frequently in-
sert adenine opposite the damaged residue (for a review see
(15)). If the adenine strand then undergoes a further replica-
tion event, a G to T transversion mutation will occur. When
8-0x0-dGTP is present in the nucleotide pool, polymerases
can also insert 8-0xoG opposite adenine (A) or C and con-
tribute to downstream mutation events (16-19).

The mutational consequences of 8-0x0G:A mismatch are
so severe that organisms have a glycosylase, MUTYH, that
is highly specific for removal of adenine paired with §-oxoG
(for reviews see (20,21)). MUTYH is a monofunctional gly-
cosylase and does not nick the DNA backbone. The result-
ing apurinic (AP) site opposite 8-0xoG is a high risk for fur-
ther degradation and DNA strand breaks, and it has been
proposed that MUTY H remains tightly bound to this prod-
uct until coordinated handoff to AP endonuclease (APE) in
the next step of the BER pathway (22-24). After cleavage of
the DNA backbone by APE, downstream BER polymerase
beta inserts cytosine opposite 8-0x0G, and ligase seals the
backbone. This temporary conversion to 8-0xoG:C gives
hOGGT1 another chance to remove 8-0xoG and prevent a G
to T transversion mutation (20,24). MUTYH is highly con-
served amongst living organisms; the Escherichia coli MutY
protein is 41% similar to human (25,26) while the Mus mus-
culus protein MUTYH is 86% similar to human (25).

A critical first step in BER is the glycosylase search for
and recognition of damage sites (27-30), a feat that glyco-
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sylases accomplish using only thermal energy. This search
is complicated by the fact that oxidatively-damaged DNA
bases often differ only slightly from their normal coun-
terparts and are present in a vast excess of undamaged
bases. Glycosylase search plays a significant role in over-
all enzyme activity but is difficult to observe in traditional
bulk solution assays that rely on short oligonucleotide
(oligo) substrates. It has recently been shown through sin-
gle molecule fluorescence microscopy (SMFM) studies with
long DNA tightrope substrates that glycosylases scan ro-
tationally along the DNA backbone for damages until
recognition or dissociation occurs (31,32). SMFM stud-
ies have also shown that two structurally distinct gly-
cosylase families, the Nth (endonuclease III) or helix-
hairpin-helix superfamily, to which the MutY homologs be-
long, as well as the Fpg/Nei (formamidopyrimidine DNA
glycosylase/endonuclease VIII) family, both share similar
diffusive behavior while scanning DNA (33,34). The scan-
ning is random, bidirectional, and highly redundant. Fur-
thermore, all of the E. coli glycosylases studied use a ‘wedge’
amino acid residue to periodically insert into the DNA and
interrogate for damage (33,34). Previous work was limited
to E. coli glycosylases that are believed to play a ‘housekeep-
ing’ role in damage removal and are likely to have a large
search burden. However, the role of the wedge residue in
mammalian glycosylases such as MUTYH, which may be
cell cycle regulated (16) and therefore have different search
requirements and search mechanisms, has not been investi-
gated using SMFM.

In humans, biallelic mutations in the gene encoding
MUTYH glycosylase are responsible for a subset of
classic familial adenomatous polyposis called MUTYH-
associated polyposis (MAP) (for reviews see (20,35,36)).
One of the most common mutations observed in Cau-
casian MAP patients is Y165C (37-40), the wedge residue
of MUTYH. A crystal structure of the bacterial ortholog
MutY shows the corresponding wedge tyrosine residue in-
serted into the DNA helix directly 5" to 8-0xoG (41). This
insertion helps to stabilize adenine extrusion from the du-
plex into the enzyme active site (Figure 1A), a common fea-
ture observed in DNA glycosylases. Bulk ensemble stud-
ies indicate that MUTYH wedge variant enzymes have re-
duced catalytic activity (23,42-49) and decreased binding
affinity for DNA damage sites (23,42-44,47), but bulk as-
says are unable to resolve whether these deficiencies may be
due to inadequate DNA scanning, inefficient lesion recog-
nition, or fast release of the lesion. The structural similari-
ties in the position of the MutY wedge residue as compared
to E. coli Fpg, Nei, and Nth raise the question of whether
the MutY/MUTYH wedge residue plays a similar role in
base interrogation during damage search (33,34). To date
all SMFM studies of glycosylases on damaged substrates
relied upon randomly distributed damage within lambda
(A\) DNA and were unable to pinpoint spatially where the
damage resided in the tightrope. The studies herein utilize
a newly developed DNA tightrope substrate that contains
damage sites at known locations to allow for direct obser-
vation of MUTYH glycosylase interactions with damage.

We use SMFM on two types of DNA tightrope sub-
strates to investigate the role of the tyrosine wedge residue
in the search and damage site recognition behavior of both
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wild-type (WT) and wedge variant (i.e. E. coli (Y82C)
and M. musculus (Y150C)) orthologs of human MUTYH.
We found that on undamaged DNA, the MutY/MUTYH
wedge residue does not play a role in a slow search mode
that was observed for other glycosylases. On A DNA
tightrope substrates that contain randomly distributed AP
product analog sites, WT enzymes demonstrate long-lived
pauses during diffusional search, while wedge variants do
not. On plasmid concatemer DNA tightropes that contain
specific 8-0x0G:A sites in precise marked locations, we di-
rectly observe extremely efficient recognition and binding of
8-0x0G:A by MUTYH WT. We also observe that MUTYH
WT recognizes and pauses at 8-0xoG:C sites. In contrast,
the MUTYH Y150C wedge variant has decreased binding
affinity to both undamaged and damage-containing DNA,
and once bound to the damage-containing DNA is inef-
ficient at both detecting damage and remaining bound to
it. These MUTYH Y150C DNA scanning characteristics
may explain the reported inefficient damage site repair (23).
These studies represent the first direct, real time observa-
tion of a glycosylase as it interacts with a specific damage
substrate at a known location and provide new insights into
specific search deficiencies of a glycosylase cancer variant.

MATERIAL AND METHODS
Glycosylase preparation and activity

MutY and MUTYH were cloned with a single C-terminal
hexahistidine tag by insertion of the glycosylase cDNA
into pET30a. The form of the murine enzyme used is N-
terminally truncated and starts at Ser29 as reported in (22).
The bacterial Y82C and murine Y150C wedge substitu-
tions were generated using site directed mutagenesis (Agi-
lent Technologies). All mutations were confirmed through
sequencing by the UVM Advanced Genome Technology
Core. The active fractions of MutY and MUTYH WT and
variant enzymes were determined using burst phase analy-
sis in the presence of excess concentrations of substrate as
described (50). Briefly, 20 nM of a 35-base pair oligo con-
taining A opposite 8-0xoG and 5’ end labeled with (y-*>P)
on the adenine-containing strand was incubated with MutY
or MUTYH enzyme. These measurements were taken in the
presence of three different concentrations of total enzyme
(not exceeding 4 nM active enzyme) to allow for fitting of
the burst phase for active fraction (50). MutY assays were
carried out at 37°C in 50 mM Tris, pH 8.0, 150 mM potas-
sium glutamate, | mM DTT, and 1 mg/mL BSA. MUTYH
assays were carried out at 37°C in 50 mM Tris, pH 8.0, 30
mM potassium glutamate, ] mM DTT, and 1 mg/mL BSA.
10 wL portions of the reaction were quenched into 2 WL 2N
NaOH at 0.25, 0.5, 1, 2, 5, 15, 30, and 60 min and heated
to 95°C for 5 min to allow for backbone cleavage of ex-
cised strand. 12 pL of formamide loading dye was added
to each sample, and the cleaved strands were resolved from
the non-repaired strands on a 12% (w/v) polyacrylamide se-
quencing gel. The gel was dried on Whatman 3M paper, ex-
posed to a phosphor image screen, and imaged on a BioRad
Pharos FX Plus phosphoimager and analyzed using Quan-
tity One Software (Bio-Rad). Burst phase analysis was also
used to ensure that conjugation to Qdot did not affect activ-
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Figure 1. MutY structure, single-molecule assay, and model for MUTYH diffusion. A) Crystal structure of B. stearothermophilus MutY (green) (PDB

1RRQ) crosslinked to an 8-0x0G:A site showing the enzyme encircling the
the adenine (orange) is everted from the base stack into the active pocket.

DNA (blue). The wedge residue (green) intercalates 5’ to the damage (red), and
B) DNA molecules (blue) extended by hydrodynamic flow and non-specifically

attached between immobile 3 wm polylysine-coated silica beads in a flow cell to resemble tightropes for observation of glycosylase (green) scanning. Qdot-
glycosylase complex constructed by targeting the hexahistidine tag on the C-terminus of the glycosylase with a biotinylated antihistidine IgG linked to the
streptavidin-coated Qdot. (C) DNA tightropes consist of concatemerized plasmids containing regularly spaced CyS fiducial markers 2727 base pairs apart.
(D) Tightrope substrates for single molecule experiments consist of a combination of Cy5 marked plasmids and plasmids that contain a single damage site
(8-0x0G:A or 8-0x0G:C). The substrates concatemerize with randomly distributed Cy5 markers, and the position of the damage site can be determined
using the plasmid repeat distance (905 nm). (E) Example kymograph of MUTYH scanning along a concatemer tightrope that contains 8-oxoG damage

sites. (F) Model for MUTYH scanning along tightrope DNA.

ity of MutY WT and MUTYH WT enzymes (Supplemen-
tary Figure S11).

Single molecule concatemer substrates

To insert 8-0xoG damage sites opposite an A residue, a con-
catemerized plasmid system was developed (51-53). First,
excision of a single strand region was necessary to allow for
insertion of an oligo opposite a specific base in the plas-
mid. Three Nt.BspQI (NEB) nicking sites were cloned into
a 39 basepair region of pUC19 (NEB) plasmid (Supple-
mentary Figure S4). Once nicked, two short single stranded
oligos are melted away and replaced by 10-fold molar ex-
cess over plasmid of a 39 bp oligo (Tm ~ 73.5°C) contain-
ing the damage (Supplementary Figure S5A). To minimize
production of nonspecific damage, annealing was accom-
plished by heating the plasmid to 80°C for one minute and
cooling to 4°C over 10 minutes. Following insertion of the
39 bp oligo, the nicked sites are sealed using T4 DNA lig-
ase (NEB). To remove randomly occurring AP sites, the
ligated plasmid was treated with a 5-fold molar excess of
APE for 1 hour at 37°C. Nicked plasmids (either from APE
treatment or failed ligation) were degraded using Exonu-

clease V (NEB) followed by removal of the exonuclease us-
ing a Monarch PCR cleanup kit (NEB). Plasmids were di-
gested with Bsal (NEB), and the enzyme was removed us-
ing a Monarch PCR cleanup kit (NEB). Linear plasmids
were stored at -20°C before concatemerization at a plasmid
molar concentration of 50 nM for 30 minutes at 16°C us-
ing T4 DNA ligase (NEB). When linearized plasmid con-
taining 8-0x0G:A is concatemerized using T4 DNA Ligase,
the resulting tightrope contains single damage sites sepa-
rated by exactly 2726 bp of intervening undamaged DNA
(Supplementary Figures S5 and S6). Within a tightrope,
all nicking sites, and accordingly all damages, exist on one
strand of the DNA. To visualize the position of the damage
sites in the pNIKCAT concatemer tightropes during single-
molecule experiments, a mixture of 20% Cy5 pNIKCAT
was combined with 80% undamaged pNIKCAT or §8-0xoG
pNIKCAT to create tightropes that contain small percent-
age of a randomly occurring fiducial dye marker (Sup-
plementary Figures S5A and S5B). Importantly, prepa-
rations of 8-0xoG and Cy5 pNIKCAT plasmids showed
90% of incorporation of §-0xoG- or Cy5-containing oli-
gos (Supplementary Figures S5C and S6A). When com-
bined in an 80:20 ratio (8-0x0G:Cy5), the resulting concate-



mer tightropes consist of 72% §-oxoG pNIKCAT, 18% Cy5
pNIKCAT, and 10% undamaged pNIKCAT. The damage
sites lie within an integer multiple of the plasmid length
from these fiducial markers (2727 bp) (Supplementary Fig-
ure S6).

Single molecule sample preparation

Our standard buffers used for SMFM experiments are
SMFM elongation buffer (50 mM Tris, pH 8.0, 50-150 mM
potassium glutamate, and 2 mM DTT) and SMFM glyco-
sylase buffer (50 mM Tris, pH 8.0, 50-150 mM potassium
glutamate, 1 mg/mL BSA and 2 mM DTT). The potas-
sium glutamate concentrations during imaging differ for
MutY (150 mM) and MUTYH (50 mM) because MUTYH
Y 150C shows little glycosylase activity above 50 mM NaCl.
For A DNA substrates, 200 pL of 1.3 wg/mL \ was intro-
duced into the chamber and elongated by 100 L cycles of
infusion and withdrawal at a flow rate of 500 p.L./min over
5 minutes to allow for non-specific adhesion of the DNA to
polylysine coated silica beads. The chamber was then rinsed
with 200 wL single-molecule elongation buffer and equili-
brated using three additions of 200 wL single molecule gly-
cosylase buffer. When imaging with \, the glycosylase was
conjugated under conditions that were shown in previous
experiments to give a single antibody conjugated to each
Qdot, and thus only a single glycosylase per Qdot. Briefly,
5 wL of Penta-his biotinylated antibody (Qiagen) was com-
bined with 1 pL streptavidin coated Qdot 655 for 10 min-
utes on ice. Equal volumes of this mixture were combined
with 200 nM active MutY or MUTYH and allowed to bind
for 10 minutes on ice to give a molar ratio of 1 active gly-
cosylase: 5 antibodies: 1 Qdot. This solution was then di-
luted to a final concentration of 30 pM glycosylase: 30 pM
Qdot in single-molecule glycosylase buffer for introduction
into the chamber and imaging. For conditions where no
catalytic reaction was possible (undamaged N\, N with rAP
sites), the chamber was periodically rinsed with 50 mM Tris,
pH 8.0, 800 mM potassium glutamate buffer to remove gly-
cosylase before rinsing with three 200 wL volumes of single-
molecule glycosylase buffer and reintroduction with freshly
diluted glycosylase solution. These salt rinses did not affect
the DNA-strings or the scanning behavior, and were even
used as a pretreatment for the concatemer substrates as de-
scribed below. We found that YOYO-1 was disruptive to
MutY scanning along undamaged N DNA, and all \ sub-
strates were stained with 5 nM YOYO-1 at the end of an
experiment.

For plasmid concatemer substrates, after attachment to
the pump the chamber was blocked against residual small
plasmid monomer fragments using 200 L single-molecule
glycosylase buffer. The chamber was rinsed with 200 wL
single-molecule elongation buffer before 200 uL of ~3
pg/mL plasmid concatemer was stretched as described
above for \. After the infusion/withdrawal cycles, the cham-
ber was rinsed with 200 pL single-molecule elongation
buffer, followed by a rinse with 200 wL 50 mM Tris, pH
8.0, 800 mM potassium glutamate. The chamber was then
equilibrated using three additions of 200 L single molecule
glycosylase buffer. The labeling was slightly different for
plasmid concatemer substrates. To prevent any unobserved
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enzyme-DNA binding events, the conjugation was held to
a strict 1 total enzyme: 1 antibody: 1 Qdot ratio. Under this
scheme, it was necessary to first incubate the enzyme with
the antibody for 10 minutes on ice before adding the Qdot.
The glycosylase was then introduced into the chamber at a
final concentration of 30-50 pM in single-molecule glycosy-
lase buffer for imaging. To stabilize the Cy5 dyes, imaging of
plasmid concatemers took place in the presence of oxygen
scavengers at a final concentration of 45 g/mL catalase, 70
wg/mL glucose oxidase, and 5.83 mg/mL glucose. Plasmid
concatemer substrates were not rinsed with high salt to re-
move glycosylases, and YOYO-1 was not used on plasmid
concatemers.

Image acquisition and analysis

Movies of A DNA substrates were recorded on a microscope
system previously described (34). Movies of plasmid con-
catemer substrates were recorded on a customized Nikon
TE2000U microscope, equipped with through-the-objective
(Nikon PlanApo 100 x, 1.49 N.A.) excitation light from
a 639nm 1000mW laser (Coherent). Excitation light was
adjusted to a subcritical, near-TIRF angle. Images were
recorded using an intensified CCD camera (XR Turbo G,
running Piper Control, version 2.7.00.08, software; Stan-
dard Photonics, Palo Alto CA) where typically 5,000 images
(99 nm per pixel) were captured with 66ms integration time
(15 frames per second).

All glycosylases that bound to a DNA tightrope and
could be observed for greater than 2 frames (133 ms) were
catalogued and included in further analysis. Qdot-labeled
glycosylases interacting with DNA tightropes for greater
than 24 frames were tracked using ImageJ (National Insti-
tutes of Health, Bethesda, MD) with the SpotTracker 2D
plug-in (54). CyS5 fiducial dyes were localized by analyzing
a single image, formed by integrating the initial 500 frames
of a recording, and then analyzed using the Imagel plu-
gin ThunderSTORM (55). The position of damages relative
to these dye fiducials is determined by the plasmid repeat
unit (Figure 1, Supplementary Figures S5 and S6). Stage
drift that occurred between localization of Cy5 fiducial dyes
and subsequent recording of Qdot-labeled glycosylase mo-
tion was determined by maximizing the cross-correlation
of 40 x 40 pixel windows centered on the 3-micron beads
which support the DNA tightropes, cropped from record-
ings of Cy5 fiducial dyes and Qdot-labeled glycosylases, re-
spectively. Measured drift occurring between these record-
ings were then subtracted from glycosylase trajectory, with
these drift values typically less than 2 pixels (200nm). Using
this method, the combined localization error for damage or
CyS5 dye position was 21.7 nm.

Data analysis

We used two different approaches to characterize diffusion
constants, and each method required a minimum observa-
tion time. Time-weighted (sliding window) diffusion con-
stants for any trajectory that was greater than 60 frames in
duration were calculated by determining an MSD within
a 60-frame-wide sliding window. Diffusion constants (D)
were calculated by characterizing the displacement vs. time
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trajectories using MSD analysis (33,34). MSDs were de-
fined as follows:

MSD = 2D (nAt) + 20>
For 1<n<N/4, where

1 N—n
MSD (nA1) = 3~ (xin = )’
i=l

where At is the time interval between frames (66 ms), x; is
the position of the glycosylase at time 7, and o is the tracking
error, which was found to be 34.6 nm for the experimental
tracking data. A diffusion constant for each complete tra-
jectory (Dyj) with a duration greater than 24 frames was
calculated from the slope of the MSD of the first 25% of the
MSD vs. nAt plot, where N is the total number of frames
in the trajectory. Information about number of tightropes
included, molecules observed, and total number of data
frames analyzed is provided in Supplementary Table S1.

Damage site encounter lifetimes were counted as the
number of consecutive frames that the enzyme remained
within 100 nm of a position-mapped lesion (red points in
Figure 3A and B). This wide margin was chosen to be ap-
proximately 3 times the standard deviation of the tracking
error so as to avoid inadvertently sub-dividing individual
damage encounter events due to single-frame spurious spot
localizations. If the enzyme departs the site (black points
in Figure 3A and B), and then re-visits the same location,
they are considered separate events. The distribution of en-
counter event lifetimes was fit with a double exponential dis-
tribution:

Pr(x) = Axexp(—x/t;)) + (1 — A) x exp(—x/t,)

Where A is the amplitude of the first (fast) phase, and ¢,
and #, are time constants for the fast and slow populations,
respectively. This distribution was fit using maximum like-
lihood fitting of univariate distributions, as implemented in
the “fitdistr’ function in the MASS package for the statistical
programming language R (Figure 3C) (56). For controls at
undamaged locations, we also collected encounter lifetimes
of MUTYH Y150C and MUTYH WT at undamaged lo-
cations on the tightrope (as determined relative to fiducial
markers), which were analyzed by the same methodologies.
These control data sets were also fit with the same double
exponential model, but in both cases, fitted results indicated
the presence of only a single population (A~1.0) (Figure
3C, Supplementary Figure S12).

Overall enzyme binding lifetimes (Figure 4E-G) were cal-
culated for all molecules according to the survival estimator
methodologies described by Kaplan and Meier (57), as im-
plemented in the ‘survival’ package of the statistical pro-
gramming language ‘R’ (http://www.R-project.org/) (58).
Statistical significance was established using a t test on log-
transformed data for diffusion constants, and the log-rank
test for binding lifetime data.

To determine the fraction of enzymes that bypass a lesion,
we measured the total end-to-end distance scanned (i.e. to-
tal scanning range) for each trajectory as a function of total
observation time (Figure 5). First, trajectories that persist
for <10s were omitted from this analysis, as they did not

persist long enough to have traveled at least 450 nm (the far-
thest possible distance from the nearest damage site), which
was calculated using Mean First Passage time:

t =x*/(2% D)

where 7 is time, x is the distance traveled and D is the dif-
fusion constant for diffusion along DNA. The proportion
of encounter events that exceed 1000 nm (the length of one
plasmid plus tracking error) in total scanning range (imply-
ing the molecule bypassed a lesion) is reported in Figure 5F
and Supplementary Figure S9. Chi square analysis was used
to determine if the difference in bypass frequency was sig-
nificant as indicated by p-values less than 0.05 (Figure 5F).

RESULTS

MutY and MUTYH recognize apurinic sites in A DNA
tightropes

E. coli MutY and murine MUTYH show some significant
differences in rates of catalysis, binding affinities, and sub-
strate recognition that may indicate differences in interac-
tions with undamaged DNA (25). To compare MutY and
MUTYH search behavior on undamaged DNA to that ob-
served for E. coli Fpg, Nei, and Nth glycosylase WT and
wedge variants in previous studies, we utilized our SMFM
assay with X DNA tightropes to characterize MutY and
MUTYH diffusion (Figure 1B, Supplementary Figure S1)
(33,34). Briefly, the position of the Qdot-labeled glycosylase
on the tightrope was observed over time, and the resulting
displacement trajectory acquired through the SpotTracker
plug-in for Imagel (54). Trajectories were analyzed using
mean squared displacement analysis to fit for an apparent
one-dimensional diffusion constant across the entire trajec-
tory (D) (Supplementary Figures S1E and S1F, Supple-
mentary Table S1). As was observed in previous studies of
glycosylase diffusion, MutY and MUTYH show complex
diffusion behavior on these tightrope substrates with peri-
ods of diffusion that range across three orders of magnitude.
Therefore, diffusion constants were fitted using a 60-frame
sliding window across a trajectory (Supplementary Figure
S2). The diffusion constants from all trajectories were then
compiled into frequency distributions that describe over-
all diffusive behavior for each variant under each condition
(Supplementary Figures SIA-S1D, Figures 2 and 4A-C).

As has been observed for E. coli Fpg, Nei and Nth, MutY
WT and MUTYH WT have a fast mode of diffusive-like
motion along undamaged A DNA with a diffusion constant
of ~0.01 um?s~! (Supplementary Figure S1). Our SMFM
assay does not have the resolution to directly distinguish
rotation from linear scanning along the DNA axis, but by
modeling apparent one-dimensional diffusion and correct-
ing for Stokes drag from the Qdot, it was shown that diffu-
sion constants of 0.01-0.05 pm?s~! are consistent with rota-
tional diffusion along the DNA backbone (33). We find that
the profile of the diffusion constant distribution of MutY
Y82C and MUTYH Y150C differ only slightly from their
WT counterparts on undamaged N DNA substrates (Sup-
plementary Figure STA).

Since MutY and MUTYH both show extremely high
binding affinity for their AP site product, a chemically in-
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Figure 2. Representative sample trajectories and diffusive behavior of individual MUTYH WT and Y150C enzymes on concatemer tightrope substrates.
Displacement trajectories are shown in the left column for (A) MUTYH WT on undamaged concatemer, (B) MUTYH WT on 8-0x0G:A containing
concatemer, (C), MUTYH Y150C on undamaged concatemer, and (D) MUTYH Y150C on 8-0xoG:A containing concatemer. Dotted lines represent
the location of 8-0x0G:A damage sites. The center column shows the distribution of diffusion constants determined using a 60-frame sliding window
analysis of the corresponding trajectory in the left column. Kymographs of the corresponding trajectory are shown to the right. The first portion of each
kymograph shows the position of the dye markers and damage sites, which are indicated with black or red labels. The green arrow in the kymograph of
panel (B) indicates the location of the plotted trajectory. See Supplementary Table S1 for sample statistics.

ert reduced AP (rAP) site analog was introduced into A
DNA to observe how the enzymes interact with product
sites (59,60). These substrates contain randomly distributed
rAP damage sites with a mean separation distance of 1600
base pairs (bp) (Supplementary Figure S3). Diffusion con-
stant distributions from time weighted diffusion analysis
show that the WT enzymes spend the majority of the time
paused with an apparent diffusion constant less than 0.001
pum?’s~! (Supplementary Figures S1C and S1D, Supplemen-
tary Table S1). In comparison to the WT enzymes, MutY
Y82C and MUTYH Y150C wedge variants spend signifi-
cantly less time paused in the presence of rAP sites (Supple-
mentary Figures S1C and S1D). However, the wedge vari-
ants do show decreased diffusion constants on rAP A DNA
sites versus diffusion along undamaged DNA (Supplemen-
tary Figures S1E and SIF).

Single glycosylase diffusion trajectories show pauses in the
presence of 8-0xoG damage sites

Since murine MUTYH behaved so similarly to E. coli
MutY in our assays and given the much greater structural
similarity of the murine MUTYH to the human enzyme,
we focused on the behavior of the murine MUTYH on spe-
cific 8-0x0G:A damage. To visualize MUTYH behavior at
precisely located 8-0xoG:A sites, which cannot be gener-
ated using chemical or radiative methods, a plasmid con-
catemer substrate was constructed (51-53) (Figure 1C and
D). These tightropes consist of repeating units of a pUC19

derivative (2727 bp) that each contain a single 8-0x0G:A
damage mismatch site. Within a tightrope, all damages ex-
ist on one strand of the DNA. During the SMFM exper-
iment, the tightropes used are comprised of a mixture of
72% damage-containing (or undamaged control) plasmids
and 18% plasmids that contain a fluorescent Cy5 dye at the
same location, with the balance (10%) containing undam-
aged DNA at this location (see Materials and Methods).
Inclusion of fluorescently labeled plasmids allows for deter-
mination of the precise location of damage sites using the
periodic plasmid repeat of 2727 bp or 905 nm (Figure 1C
and Supplementary Figure S6). This approach allowed for
the identification of glycosylase diffusive behavior that oc-
curs in regions of the tightrope corresponding to damage
(Figure 2).

As was observed on undamaged A DNA tightropes, indi-
vidual MUTYH WT and MUTYH Y150C molecules show
primarily fast diffusive-like motion along undamaged con-
catemer substrates (Figure 2A and C, Supplementary Fig-
ures S7 and S8). In stark contrast, when MUTYH WT is
observed on an §-0xoG:A concatemer substrate, trajecto-
ries show very short periods of fast diffusion followed by
long pause events (Figure 2B, Supplementary Figures S7
and S8), the majority of which persist beyond the dura-
tion of the recordings (300 s). Spatial alignment of these
pause events relative to the location of known dye molecules
shows that many of these pauses occur at positions that are
indicated as damage sites. Trajectories of MUTYH Y 150C
on 8-0x0G:A concatemer substrates show few long duration
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Figure 3. Representative displacement trajectories showing MUTYH Y150C interactions with 8-0xoG:A damage. Segments of three individual scanning
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(131 encounters, 5 trajectories) and 1.4 + 0.2s (70 encounters, 3 trajectories), respectively. Lifetime values represent mean and standard deviation. See

Supplementary Table S1 for sample statistics.

(>10 s) pause events (Figures 2D and 3). However, some of
these trajectories do show repeated brief pauses at damage
site locations, suggesting the variant can transiently recog-
nize the 8-0x0G:A lesion (Figure 3A and B). To characterize
the timescales of variant damage interactions, we compiled
120 damage encounters of MUTYH Y150C on 8-0x0G:A
sites and fit the distribution of residence lifetimes at these lo-
cations with a double exponential model (Figure 3C). The
results of this fit give a short-lived dwell time population
with a mean lifetime of 1.6 & 0.3s (89%) and a longer-lived
population with mean lifetime of 10 & 5s (11%). As controls
(see Materials and Methods), we compared these values to
residence lifetimes for MUTYH Y 150C at specific undam-
aged locations 300 nm away from the mapped damage site
locations (1.1 £ 0.1s, n = 131), and MUTYH WT at spe-
cific locations on undamaged concatemers (1.4 + 0.2s, n =
70) (Supplementary Figure S12). As the short-lived popu-
lation is common to all these experimental conditions, re-
gardless of the presence or absence of damage, we attribute
these short dwell times (1.1-1.6s) to the diffusive behavior
of the enzyme on DNA. The long-lived events (~10s) of
MUTYH Y150C at 8-0x0G:A-containing locations we at-
tribute to transient damage recognition by the variant en-
zZyme.

To characterize the behavior of all observed molecules
under a given condition, diffusion constant distributions
were compiled for molecules that bound to DNA for longer
than 60 frames. These distributions show that overall,
MUTYH WT and Y150C diffuse rapidly on undamaged
DNA indicated by a single population with a diffusion
constant centered at 0.01 um?s~! (Figure 4A). However,
MUTYH WT spends the majority of time stopped or slowly
diffusing in the presence of 8-0xoG:A sites indicated by a
single population of diffusion constants centered around

0.0001 um?s~! (Figure 4B). Although transient pauses are
observed for MUTYH Y150C in the presence of 8-0x0G:A
sites (Figure 3B), these pauses represent a minor contribu-
tion to the overall diffusive behavior, and the variant shows
primarily a fast diffusion similar to that observed on un-
damaged DNA (Figure 4B). The diffusive behavior repre-
sented in these distributions is consistent with the whole tra-
jectory analysis (Figure 4D, Supplementary Table S1).

We also investigated the diffusive behavior of MUTYH
WT and Y150C on 8-0xoG:C sites (Figure 4C). In en-
semble experiments, all orthologs of MUTYH are catalyt-
ically inactive for cleavage of a cytosine (C) opposite 8-
oxoG (61,62). However, ensemble experiments showed that
murine MUTYH has significant binding affinity for 8-
0x0G:C sites with Kp values comparable to those on non-
cleavable adenine sites (25). In the SMFM displacement tra-
jectories of MUTYH WT on 8-0x0G:C, pauses of signifi-
cant duration are observed (Supplementary Figures S7 and
S8), and some trajectories show sequential pauses at posi-
tions separated by one plasmid length. The diffusion con-
stant distribution shows that MUTYH WT remains pri-
marily paused in the presence of 8-0x0G:C sites (Figure
4C), and Dy,; falls between the values measured for undam-
aged and 8-0x0G:A sites (Figure 4D). Thus, MUTYH WT
shows significant recognition of 8-oxoG:C.

MUTYH Y150C releases more quickly from undamaged
tightrope DNA than MUTYH WT

Our single molecule studies also helped characterize DNA
binding and release behavior for MUTYH enzymes. There
has been some question about overall enzymatic stability
of MUTYH Y150C (23). To investigate whether the vari-
ant enzyme is able to find and bind undamaged DNA as
effectively as the WT enzyme, we did a side by side com-
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Figure 4. Diffusion and binding behavior of MUTY WT and Y150C on
DNA concatemer tightropes. Compiled time-weighted distributions of dif-
fusion constants from sliding window (60 frames per window) analysis of
displacement trajectories for diffusion of MUTYH WT (black bars) and
MUTYH Y150C (green bars) on concatemer tightropes containing (A)
undamaged, (B) 8-0x0G:A, (C) 8-0x0G:C sites. (D) Mean value of diffu-
sion constants for trajectories (Dyy,j), determined by fitting the first 25%
of the MSD plot for each trajectory (error bars represent SEM), (****
p < 0.0001, two tailed). Binding lifetime survival curves are shown for
MUTYH WT (black traces) and MUTYH Y150C (green traces) on (E)
undamaged, (F) 8-0x0G:A, and (G) 8-0xoG:C sites. p-values describing
significance between the traces were determined using a log-rank (Mantel-
Haenszel) test. Number of molecules for each condition corresponds to the
information given in Supplementary Table S1. (H) Binding frequency of
MUTYH WT (black trace, n = 26) and MUTYH Y150C (green trace, n =
30) to undamaged concatemer DNA under equivalent enzyme and DNA
tightrope concentrations with mean and SD in parentheses. See Supple-
mentary Table S1 for sample statistics.

parison of MUTYH WT and Y150C binding frequency per
base of DNA at identical enzyme and undamaged substrate
concentrations in a SMFM chamber. Under these condi-
tions, we observe that MUTYH WT binds to DNA at a
rate of 0.50 (£0.06) events per wm of DNA over 5 minutes
and Y150C enzymes bind to DNA at a rate of 0.46 (+0.07)
events per wm over 5 minutes (Figure 4H). These values
indicate that the DNA binding efficacy for the MUTYH
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Y150C variant is not compromised under the SMFM con-
ditions.

Binding affinity of the enzyme for a substrate is depen-
dent on the ratio of the ‘on’ binding rates and ‘off” release
rates. Kinetic assays in bulk solution show increased rates of
substrate release by MutY Y82C, but product release kinet-
ics for MUTYH Y150C were difficult to characterize due
to enzyme instability over long periods at 37°C (23). With
our SMFM experiments carried out over much shorter time
periods and at room temperature, and we sought to ob-
serve altered lesion binding lifetimes for MUTYH Y150C
on the damage site tightrope substrates as compared to
MUTYH WT. In the SMFM assay MutY and MUTYH
have much longer binding lifetimes than have been observed
for E. coli Fpg, Nth, and Nei (31,33,34), and under some
conditions MUTYH molecules remain bound to a dam-
aged substrate for longer than the 300 s duration of record-
ing. Therefore we estimated MUTYH binding lifetimes us-
ing the Kaplan-Meier approach (57). These survival curves
show significantly decreased median binding lifetime for
MUTYH Y150C when compared with MUTYH WT on
each substrate (Figure 4E and F). On undamaged DNA,
MUTYH WT shows a median binding lifetime of 30.9 s,
which is 10-fold greater than that of the variant (3.3 s)
(Figure 4E). In the presence of 8-0x0G:A, the difference is
even greater, with Y150C showing a median binding life-
time of 5.1 s, while WT has a median binding lifetime greater
than 300 s (Figure 4F). Overall, we conclude that MUTYH
Y150C is fully capable of binding to undamaged DNA as
effectively as WT, but the variant has an enhanced detach-
ment rate on all substrates.

MUTYH WT does not bypass 8-0x0G:A sites

MUTYH is selective for removal of adenine from mis-
paired substrates (25,50,61-66). Efficient adenine base re-
moval is predicated on efficient damage site recognition,
which requires not only fast DNA search rates but also
rapid and effective binding to the lesion. To determine
whether MUTYH commits to long-lived binding when a
lesion is first encountered, or if MUTYH is able to by-
pass lesions, we examined the total scanning range (see Ma-
terials and Methods) as a function of time observed on
undamaged, 8-0x0G:A, or 8-0xoG:C containing concate-
mers. According to a simple model of one-dimensional (1D)
diffusion, total scanning range should increase with the
square root of observation time (67), which was observed
for both MUTYH WT and Y150C on undamaged DNA
(Figure 5A and C) where 89% and 96% of molecules bound
for >10s scan more than one plasmid, respectively. How-
ever, clear evidence for significantly more restricted diffu-
sion is seen when MUTYH WT is presented with 8-0x0G:A
or 8-0x0G:C containing concatemers. In the presence of
8-0x0G:A, only 29% of MTUYH WT molecules (Figure
5B) scan more than one plasmid of DNA, consistent with
the proportion of constituent plasmids that do not con-
tain damage sites (28%, see Materials and Methods), in-
dicating that the WT enzyme does not bypass 8-0xoG:A
sites. In the presence of 8-0x0G:C sites, 44% of MUTYH
WT molecules scan more than one plasmid, intermediate
between the 8-0x0G:A and undamaged conditions (Figure
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5F) and indicating that lesion bypass must be possible for
8-0x0G:C substrates. We note that some MUTYH WT tra-
jectories on 8-0xoG:C containing concatemers show pro-
longed pauses, followed by diffusion and subsequent paus-
ing at other locations one plasmid length away (~900 nm,
Supplementary Figure S8). This behavior was not observed
on 8-0x0G:A containing concatemers. These results indi-
cate that WT enzymes bypass or release 8-0xoG:C sites
at a greater rate that 8-oxoG:A sites. In contrast, 85% of
MUTYH Y150C molecules diffuse farther than one plas-
mid length in the presence of 8-0xoG:A sites, which does
not differ from the undamaged condition and demonstrates
minimal lesion recognition and binding (Figure S5F).

Our previous studies of the role of the wedge residue in
glycosylase scanning examined diffusive behavior of alanine
substituted wedge variants. To investigate whether the cys-
teine wedge residue that is present in the variant enzymes
contributes any residual damage site recognition or binding
behavior, we also utilized our SMFM assay to investigate
interaction of MUTYH Y 150A with concatemer tightropes
that contain 8-0x0G:A and 8-0x0G:C sites (Supplementary
Figure S10). Overall, the diffusion constants, diffusive be-
havior, and binding lifetimes for MUTYH Y 150A were con-

sistent with those of MUTYH Y 150C. Thus, these data sug-
gest that cysteine provides no search or lesion stabilization
functionality to the MUTYH Y150C variant beyond what
would be contributed by alanine.

DISCUSSION
MUTYH WT and Y150C interactions with undamaged DNA

The first step in the glycosylase search for damage sites is
a non-specific binding and sliding interaction with DNA
(Figure 1F). This fast sliding facilitates diffusion to distant
regions in the DNA to help increase lesion recognition ef-
ficiency. Although this step is essential for the initiation of
proper repair of damage sites, bulk gel assays are often un-
able to measure binding constants for glycosylases on un-
damaged substrates due to the dynamic nature of enzyme-
DNA interactions. SMFM studies represent one of the first
methods to allow for characterization of how glycosylases
interact with undamaged DNA. We found that MutY and
MUTYH WT enzymes primarily exhibit a fast diffusion
mode along undamaged DNA (Figure 4A, Supplementary
Figures SIA and S1B), which differs from the combina-
tion of fast and slow scanning modes observed for E. coli



Fpg, Nei, and Nth WT enzymes on undamaged A DNA
(34). The lack of a slow diffusion mode is also reflected
in significantly higher overall diffusion constants (Dy;) for
MutY and MUTYH as compared to the previous measure-
ments (Supplementary Table S1) (34). This fast mode of
diffusion with diffusion constants of approximately 0.01—
0.05 pm?s~! appears to be a common feature of glycosy-
lase interactions with DNA and has been attributed to fast
sliding along the DNA backbone (33). More recent stud-
ies have suggested that single molecule methods lack the
time resolution necessary to capture microscopic bind and
release events or ‘hops’ which may be present in apparent
one-dimensional diffusion (68), and the studies herein do
not rule out the presence of short hopping events. The fact
that the murine MUTYH moves rapidly along undamaged
DNA in a way similar to E. coli MutY is interesting based
on the finding that MUTY H may associate with PCNA and
the replication fork (16,69-72). Our results would suggest
that MUTYH is capable of engaging in a fully mobile search
for damage sites when other binding partners are absent.

In the SMFM assay, MUTYH WT enzymes have a sig-
nificantly longer binding lifetime to undamaged DNA as
compared to E. coli Fpg, Nei, and Nth (33,34). Although
the catalytic domain of MutY and MUTYH are in the
helix-hairpin-helix superfamily of glycosylases that includes
Nth, MutY contains an extra C-terminal region that pri-
marily interacts with the 8-oxoG strand (41,73-76). This
C-terminal domain is even longer in mammalian MUTYH
enzymes. Crystal structures show that together, the N- and
C-terminal domains of bacterial MutY almost fully encir-
cle the DNA strand (41). In contrast, a crystal structure of
a Schiff base complex between E. coli Nth and DNA shows
that Nth has a smaller contact circumference around the
DNA (77). It is possible that the difference in binding affin-
ity between MUTYH and Nth derives from an increased
MUTYH contact footprint on the DNA strand, which
may result in stabilization of the non-specific MUTYH-
DNA interrogation complex. A longer binding lifetime for
MUTYH would help to ensure a more thorough search for
8-0x0G:A, which would be important because MUTYH
lacks a backup repair system to help with lesion recogni-
tion and removal.

Our SMFM studies show that MUTYH Y150C has an
impaired binding affinity for undamaged DNA as com-
pared to MUTYH WT (Figure 4). This result differs from
previous SMFM studies that showed Fpg, Nei, and Nth
wedge variant enzymes did not have decreased binding
lifetimes on undamaged DNA (34). In our studies, the
MUTYH Y150C variant binds to DNA effectively but has
an increased release rate from undamaged DNA (Figure
4E-G). This observation suggests that the tyrosine some-
how stabilizes enzyme interactions with tightrope DNA or
overall structural stability of the enzyme. The decreased
binding lifetime of MUTYH Y 150C must necessarily have
negative consequences for the efficiency of the variant’s
search for damage site by impeding both the variant’s abil-
ity to find the site and the ability to properly handoff to
downstream BER enzymes. The variant enzyme may not
remain bound to the DNA for long enough to find the dam-
age, which would force the enzyme to switch from a fa-
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cilitated diffusion search method to one closer to random
three-dimensional search (28,78,79).

MUTYH WT lesion recognition and binding

As a glycosylase encounters a lesion, the enzyme must tran-
sition from a non-specific interaction with DNA to a le-
sion recognition complex (Figure 1F). This process is dy-
namic, which makes it difficult to study using heterogeneous
bulk assays and static crystallographic snapshots. Our real-
time observation of a glycosylase on a substrate with spe-
cific damage sites at known positions along the DNA also
gives new insight into how the enzyme interacts with these
sites in the context of a large excess of undamaged DNA
competitor. MUTYH does not bypass 8-0xoG:A damage
sites (Figure 5B), and the high efficiency of MUTYH dam-
age site recognition indicates the enzyme has directional
and configurational flexibility in orientation of the enzyme
with respect to the DNA strand during the damage search.
Various structural studies of MUTYH bound to a lesion
site show that the C-terminal domain of the enzyme is
largely responsible for contacting the damage-containing
DNA strand, while the N-terminal catalytic domain makes
contacts with the adenine strand (11,75,76,80). Although
our tightropes assemble with no directional preference rel-
ative to bead attachment points, our concatemers are de-
signed such that all 8-0xoG sites are contained within one
single strand of the tightrope. If we hypothesize that the en-
zyme randomly loads onto the DNA and moves like a lo-
comotive during the scan with the N-terminal domain of
MUTYH remaining in contact with only one strand while
the C-terminal domain tracks solely along the other strand,
only half of the enzymes would be capable of recognizing
8-0x0G:A sites. As is evident in Figure 4B, the majority
of enzymes are able to detect the damage site within 2727
basepairs of scanning distance. Therefore, our data suggest
the enzyme searches along DNA with low affinity contacts
that allow for frequent reorientation to allow for detection
and binding to 8-0x0G:A sites. Our findings are consistent
with a recent crystal structure of the N-terminal domain
of B. stearothermophilus MutY crosslinked to undamaged
DNA which showed fewer interactions between the MutY
N-terminal amino acids and the DNA backbone, suggest-
ing a relatively ‘loose’ binding interaction as compared to
the complex of MutY on a lesion site (75).

It has been suggested that interactions with PCNA
might direct MUTYH to orient toward the newly repli-
cated daughter strand to aid in efficient repair of the post
replicative adenine mismatch (16,47). Our studies show that
MUTYH has the ability of to find any 8-0xoG:A lesion at
a first pass and does not require interactions with PCNA
or other proteins in order to find the damage mismatch site.
Accordingly, any strand specific activity of MUTYH would
necessarily be dictated by interactions with other proteins
and not due to an intrinsic strand specificity of the enzyme.
Thus, in the case where 8 oxo-dGTP has been inserted by
polymerases into the parental strand, MUTYH would re-
quire interactions with PCNA or other replication factors
to orient toward the daughter strand and prevent repair that
could result in an A to C transversion (16-19).
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MUTYH is a special glycosylase in that base excision of
an undamaged adenine base is accompanied by recognition
of an 8-0xoG damaged base, posing a unique challenge for
damage site search and recognition. Previous SMFM stud-
ies of Fpg, Nei, and Nth enzymes revealed that these gly-
cosylases rely upon the wedge for a slow diffusive search
mode along undamaged DNA (33,34) and specific dam-
age recognition and binding (34,81-83). Contrary to these
earlier studies, we do not observe a slow mode of diffu-
sion for the MutY and MUTYH wedge variants along un-
damaged N DNA or undamaged concatemer DNA (Fig-
ure 3, Supplementary Figure S1). This result begs the ques-
tion of how MUTYH secarches for the 8-0xoG:A damage
site? When paired with adenine, 8-0xo0G exposes a hydro-
gen bonding network, including the 2-amino group, to the
major groove side of the duplex. Structural studies show
that B. stearothermophilus MutY makes contact with this
face of the damaged base through a histidine residue that
lies on a short C-terminal loop (41), and it has been sug-
gested that this loop might be in proximity of the major
groove in an undamaged DNA substrate (75). A study of
E. coli MutY function on various substrate analogs found
that the 2-amino group of 8-0xoG is critical for early recog-
nition of an 8-0xoG:A damage site (84). Therefore, it is
likely that MUTYH rapidly slides along DNA until the C-
terminal domain encounters the 2-amino group of 8-0xoG,
whereupon the enzyme stops, repositions, and further in-
terrogates the damage site using the wedge residue. Accord-
ing to this model, MUTYH wedge insertion primarily fa-
cilitates proper adenine eversion into the enzymatic pocket,
which serves as the second step in lesion discrimination to
prevent accidental cleavage of cytosine. MUTYH is also ca-
pable of removing adenine from G:A pairs at a much slower
rate than that observed for 8-0x0G:A pairs (25). It is possi-
ble and we cannot rule out that MUTYH may also detect
adenine mismatches using other mechanisms.

MUTYH WT binding to 8-0x0G:C damage

Displacement trajectories of MUTYH WT in the presence
of 8-0x0G:C reveal pausing (Supplementary Figures S7
and S8) and decreased diffusion constants indicative of le-
sion binding (Figure 4D, Supplementary Table S1). How-
ever, these WT pause events are shorter-lived than those
in the presence of 8-0x0G:A sites. MUTYH Y150C does
not pause at all on §8-0xoG:C sites. These SMFM results
are consistent with electrophoretic mobility shift assays
(EMSA) assays showing some interaction between mam-
malian MUTYH and 8-0x0G:C (24,25). The crystal struc-
ture of B. stearothermophilus (Bs) MutY crosslinked to 8-
0x0G:C showed the enzyme is in a ‘nearly identical’ con-
formation to that observed for Bs MutY bound to an §-
oxoG paired with a non-cleavable adenine analog (76).
Taken together the SMFM, EMSA, and structural studies
of MUTYH on 8-0x0G:C lesions reinforce the suggestion
that initial 8-0xoG:A damage site recognition primarily re-
lies upon the 8-0xoG residue. The extent to which MUTYH
WT recognizes and binds 8-0x0G:C lesions suggests that
the enzyme will have significant interactions with any 8-
0xoG lesion site and may have an additional role in repair of
8-0x0G damage. MUTYH does not interfere with the activ-

ity of hOGG1 on 8-0x0G:C sites, indicating that MUTYH
binding to 8-0x0G:C does not prevent repair (24). How-
ever, if MUTYH interacts with proteins at the replication
fork, perhaps a transient complex between MUTYH and
8-0x0G:C is enough to prevent replication at the site before
hOGGT arrives to excise the damaged base.

MUTYH Y150C search and binding deficiencies

Characterizing interaction deficiencies between glycosylase
variants and damage sites using traditional gel based as-
says can be complicated by decreased catalytic efficiency
or enzyme stability. The SMFM studies herein reveal that
MUTYH Y150C retains some ability to find 8-0xoG:A
sites, but is much less efficient at lesion binding than the WT
enzyme (Figure 3). Although MUTYH Y150C appears to
frequently bypass lesion sites without an observable pause,
the high redundancy of search would predict that the en-
zyme would have multiple opportunities to find the lesion.
Accordingly, the trajectories show the variant ‘revisiting’
damage sites with repeated pause events (Figure 3). How-
ever, in the context of the high efficiency of lesion detection
by MUTYH WT and the possibility that MUTYH engages
in replication coupled repair, lesion bypass would be more
detrimental for MUTYH than other housekeeping glyco-
sylases like hOGG1 or hNTH. Even when the lesion is dis-
covered by MUTYH Y150C, the short residence time on
damage sites suggests that the variant would not have time
to excise adenine or handoff to APE. Using previously de-
termined catalytic rates, we can estimate whether MUTYH
Y150C could undergo catalysis on our tightrope substrates.
Gel-based studies show that MUTYH Y 150C removes ade-
nine from an oligonucleotide substrate with an excision rate
of 0.26 min~' (23). This catalytic rate is relatively slow com-
pared with the short-lived pauses we observe (10 + 5s, Fig-
ure 3C), and therefore we conclude that the majority of the
transient pauses in MUTYH Y150C displacement trajecto-
ries do not proceed to the catalytic step. By investigating the
search behavior of MUTYH Y150C in the context of large
amounts of competing undamaged DNA, our studies indi-
cate that proper 8-0x0G:A lesion binding and repair by the
variant would be greatly decreased in a genomic context,
leading to increased genome instability.

General model for MUTYH search

These results suggest that MUTYH WT diffuses rapidly
along the DNA backbone with a relatively loose interac-
tion to allow for repositioning at the first encounter with
a damage site (Figure 1F). MUTYH is not relying upon
the tyrosine wedge residue for interrogation of DNA for
damage, but likely utilizes the additional mammalian C-
terminal region to detect the 8-0xoG damaged base regard-
less of whether it is paired with adenine or cytosine. Once
an 8-0xoG site is encountered, intercalation of the wedge
residue is critical for forming a stable complex between
MUTYH and the damage site. If MUTYH WT interacts
with an 8-0x0G:A site, the adenine is able to enter the enzy-
matic pocket to undergo cleavage, at which time the enzyme
forms a high affinity product-bound state. Unlike the WT
enzyme, MUTYH Y150C has difficulty remaining bound to



undamaged DNA during the damage search. Once a dam-
age site is encountered, the variant inefficiently recognizes
the site and likely releases the site before catalysis can oc-
cur.

CONCLUSIONS

Our SMFM studies demonstrate that individual MUTYH
WT enzymes are capable of a highly efficient bidirectional
search for 8-0xoG:A sites, while the variant has compro-
mised binding affinity for undamaged DNA that must
negatively impact damage site search. Although MUTYH
Y150C retains some ability to recognize the 8-0xoG:A site,
the variant is unable to form a stable complex with the lesion
site. Therefore, the MUTYH Y150C wedge variant has a
combination of perturbed interactions with DNA that lead
to a persistence of damage mismatch sites and accumulation
of mutation. As more genetic information about germline
and somatic mutations becomes available, elucidating the
molecular basis for MUTYH functional impairment will
help in deciphering the physiological consequences of these
mutations. One important factor in BER is the transient
non-covalent interactions between glycosylases, DNA, and
other repair and regulatory factors, all of which can be in-
vestigated using single molecule methods similar to the ones
reported here.
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