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ABSTRACT

The oxidative base damage, 8-ox0-7,8-
dihydroguanine (8-oxoG) is a highly mutagenic
lesion because replicative DNA polymerases insert
adenine (A) opposite 8-oxoG. In mammalian cells,
the removal of A incorporated across from 8-oxoG
is mediated by the glycosylase MUTYH during base
excision repair (BER). After A excision, MUTYH binds
avidly to the abasic site and is thus product inhibited.
We have previously reported that UV-DDB plays a
non-canonical role in BER during the removal of
8-0x0G by 8-0x0G glycosylase, OGG1 and presented
preliminary data that UV-DDB can also increase
MUTYH activity. In this present study we examine
the mechanism of how UV-DDB stimulates MUTYH.
Bulk kinetic assays show that UV-DDB can stimulate
the turnover rate of MUTYH excision of A across
from 8-oxoG by 4-5-fold. Electrophoretic mobility
shift assays and atomic force microscopy suggest
transient complex formation between MUTYH and
UV-DDB, which displaces MUTYH from abasic sites.
Using single molecule fluorescence analysis of
MUTYH bound to abasic sites, we show that UV-DDB
interacts directly with MUTYH and increases the
mobility and dissociation rate of MUTYH. UV-DDB
decreases MUTYH half-life on abasic sites in DNA
from 8800 to 590 seconds. Together these data
suggest that UV-DDB facilitates productive turnover
of MUTYH at abasic sites during 8-oxoG:A repair.

INTRODUCTION

The DNA glycosylase MUTYH plays a critical role in
genome maintenance by preventing mutations associated
with 8-oxo0-7,8-dihydroguanine (8-oxoG). MUTYH is un-
usual among base excision repair (BER) glycosylases due
to its specific activity for removal of an undamaged nucle-
obase: an adenine (A) misincorporated opposite 8-oxoG
(1). MUTYH-mediated base excision initiates the long-
patch (LP) BER pathway, followed by the coordinated
action of several proteins, including APE1, PCNA and
DNA polymerase lambda (Pol \), as well as the scaf-
folding function of X-Ray Repair Cross Complement-
ing protein 1 (XRCCI1) (2-5). Additionally, high mobil-
ity group box 1 (HMG1) further helps direct the path-
way away from short-patch BER and towards long-path
BER (6). The combined BER activity restores a proper
8-0x0G:C substrate for 8-oxoG glycosylase (OGG1) that
excises 8-oxoG providing the opportunity for recreation
of the originally coded G:C base pair. MUTYH bind-
ing of 8-0x0G:A mispair substrate and 8-oxoG:AP (aba-
sic site) product prevents inappropriate and promutagenic
OGGI catalyzed removal of 8-0xoG from these contexts
(7-9). The importance of MUTYH in genome mainte-
nance is underscored by the correlation between inheri-
tance of functionally compromised variants and colorec-
tal cancer, referred to as MUTYH-associated polyposis
(MAP) (10).

The structural similarity between 8-0x0Gyy,: Ay mis-
pairs and undamaged thymine (T):A bps within DNA
makes the lesion location and repair process of MUTYH
particularly remarkable (11-13). Adenine excision is known
to occur within the N-terminal catalytic domain of MU-
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TYH, while 8-0xoG recognition resides primarily in a C-
terminal 8-0xoG recognition domain (14-16). In a recent
study, using single molecule microscopy, in vitro glycosy-
lase and cellular repair assays, the Lee and David labora-
tories showed that Escherichia coli MutY detects 8-0x0G:A
mispairs via the unique major groove positioning of the 2-
amino group 8-0xoG using a conserved histidine residue
within an ‘FSH’ loop of the C-terminal 8-0xoG recogni-
tion domain (13). Notably, identification of this distinct
chemical signal of 8-0x0G:A mismatches would be antic-
ipated to be further complicated in eukaryotic genomes,
where the damaged mismatch can be sequestered within
chromatin.

Prior work by Matsumoto et al has shown that
the nucleotide excision repair (NER) protein, UV-DDB,
that binds to UVC-induced pyrimidine photoproducts,
can access lesions hidden within nucleosomes by shift-
ing the register of the damaged DNA strand and ex-
posing the lesion for excision (17). Surprisingly, in ad-
dition to exhibiting high affinity for cyclobutane pyrim-
idine dimers and pyrimidine-pyrimidone 6-4 photoprod-
ucts, UV-DDB exhibits high specificity for abasic sites
(18-20) suggesting a broader role in repair. Indeed, sev-
eral studies have suggested a critical role for UV-DDB in
maintaining genomic integrity (21,22). For instance, loss
of UV-DDB has been associated with the incidence of
spontaneous tumors in mice, and in humans, a low ex-
pression level is correlated with poor cancer prognosis
(22-24).

We have previously demonstrated that UV-DDB also
plays an unexpected role in BER by stimulating the en-
zymatic turnover of OGG1 in vitro (25). Through single
molecule visualization of OGGI1 on damage containing
DNA tightropes and imaging in cells, we showed that UV-
DDB colocalizes with OGG1 on abasic sites. Biochemi-
cal assays revealed that UV-DDB facilitates the turnover
of OGG1 and APE1 from damaged DNA and also stim-
ulated the activity of Pol B. This study also provided pre-
liminary data suggesting UV-DDB can stimulate MU-
TYH. Cellular experiments using a novel method to in-
troduce 8-0xoG at telomeres (26) indicated that UV-DDB
arrives at sites of 8-oxoG prior to OGGI (25). Taken to-
gether, these data led us to propose a base damage sens-
ing role for UV-DDB (25). Moreover, the ability of UV-
DDB to expose occluded lesions (17), and to have speci-
ficity for 8-0x0G:C and 8-0xoG:A sites and to stimu-
late BER, suggests that this protein may act as a “first-
responder’ to mediate repair of oxidative damage in the
genome. These results prompted us to further investigate
the role of UV-DDB in the repair of 8-0xoG:A mismatches
mediated by MUTYH. It is known that MUTYH ex-
hibits slow substrate turnover due to its exceptionally high
affinity for its 8-0x0G:AP site product (27). In this work,
we present mechanistic data showing UV-DDB stimulates
MUTYH turnover with 8-0xoG:A substrates. Using sin-
gle molecule analyses and in vitro biochemical assays, we
revealed that UV-DDB interacts with MUTYH similarly
to OGGI1 and promotes dissociation of MUTYH from
AP site product to enhance overall BER of 8-0xoG:A
mismatches.

MATERIALS AND METHODS

Expression and purification of recombinant UV-DDB and
MUTYH

Recombinant full-length UV-DDB (DDB1-DDB2 het-
erodimer) was expressed in Sf9 cells coinfected with recom-
binant baculovirus of Hiss-DDB1 and DDB2-Flag, as per-
formed previously (28). Briefly, Hissc-DDBI1 and DDB2-
Flag were purified using a 5 mL His-Trap HP column pre-
charged with Ni** (GE Healthcare) and anti-FLAG M2
affinity gel (Sigma). The pooled anti-FLAG cluates were
size fractionated on a HilLoad 16/60 Superdex 200 column
(Amersham Pharmacia) in UV-DDB storage buffer (50 mM
HEPES, pH 7.5, 200 mM KCI, 1 mM EDTA, 0.5 mM
PMSEF, 2 mM DTT, 10% glycerol and 0.02% sodium azide).
Purified fractions of DDB1-DDB2 complex from the Su-
perdex200 were aliquoted and flash frozen with liquid ni-
trogen and stored at —80°C.

Two versions of mouse MUTYH were purified: a hexa-
histidine tag intact for single molecule experiments and an-
other where the tag was cleaved using thrombin for in vitro
kinetics experiments. Hexa-histidine tagged MUTYH was
overexpressed in BL21(DE3) co-expressing the pRKISC
iron-sulfur cluster assembly plasmid using the protocol re-
ported previously (29). Briefly, the cell pellets harvested
from 4 L of LB growth media were resuspended in 35 mL of
resuspension buffer (20 mM Tris buffer pH 7.5, 10% glyc-
erol) and lysed by sonication. After centrifugation, solid
NaCl and imidazole were added to final concentrations of
1 M and 20 mM, respectively. The supernatant was filtered
and loaded onto an AKTA FPLC equipped with three 1
mL HisTrap FF columns (GE Healthcare) connected in
series, pre-equilibrated in Ni(II) binding buffer (20 mM
sodium phosphate buffer pH 7.4, 0.5 M NaCl, 20 mM imi-
dazole). The protein was eluted over 5 column volumes over
a linear gradient of 0-100% Ni (II) elution buffer (20 mM
sodium phosphate buffer pH 7.4, 0.5 M NaCl, 500 mM im-
idazole). Peak fractions were pooled and buffer exchanged
into Heparin Buffer A (20 mM Tris-HCI pH 7.5, 10% glyc-
erol) and further purification was carried out using a Iml
HiTrap Heparin column (GE Healthcare) on an AKTA
FPLC using a linear gradient of 0% - 100% Heparin Buffer
B (20 mM Tris pH 7.5, 10% glycerol, 1 M NaCl). Frac-
tions were analyzed for protein concentration and [4Fe4S]
cluster loading by measuring absorbances at 280 nm and
410 nm respectively. Fractions with a cluster loading of
>70% were pooled and concentrated to ~20 wM. For cleav-
age of the hexa-histidine tag, MUTYH was treated with 2
U thrombin/mg of protein and cleaved protein was puri-
fied away from tagged protein using a reverse Ni(II) col-
umn prior to the Heparin column. An equal volume of pre-
chilled 50% glycerol was added to the purified protein sam-
ple to yield a final buffer concentration of 10 mM Tris pH
7.5, 25% glycerol and 225 mM NaCl. Purified MUTYH
was aliquoted into single use aliquots and flash frozen us-
ing liquid nitrogen for storage at —~80°C. Activity of each
MUTYH purification was measured via active site titra-
tion and varied between 33% and 50% (29). These activities
were used to quantify MUTYH concentration used in all
assays.



APE1 was purchased from abcam (Cambridge, United
Kingdom).

All experiments were performed with three different
preparations of UV-DDB and three different preparations
of MUTYH and gave similar results. All biochemical stud-
ies used untagged MUTYH and single molecule studies
used the His-tagged version.

DNA substrate preparation

37 bp DNA duplexes for excision assay and EMSA. The
following oligonucleotides sequences (Z = 8-0xoG and X
= tetrahydrofuran) were used:

8-0x0G37-top: 5-CCG AGT CAT TCC TGC AGC
GAZ TCC ATG GGA GTC AAAT-3

A37-bottom: 5-A TTT GAC TCC CAT GGA ATC
GCT GCA GGA ATG ACT CGG-3'-6FAM

THF37-bottom: 5-A TTT GAC TCC CAT GGA XTC
GCT GCA GGA ATG ACT CGG-3'-6FAM

THF37-top: 5-CCG AGT CAT TCC TGC AGC GXG
TCC ATG GGA GTC AAA T-¥

37 bp oligonucleotide for creating an 8-ox0G: A site in AFM
studies. 5'-CCG AGT CAT TCC TGC AGC GAG ZCC
ATG GGA GTC AAA T-3' (Z= 8-0x0G)

8-0x0G37(G:A) was prepared by annealing 8-0xoG37-
top (purchased from Trilink, USA) and A37-bottom (pur-
chased from IDT, USA). THFS8-0x0G37 was prepared by
annealing 8-0xoG37-top and THF37-bottom (purchased
from IDT, USA). Annealing reactions were done at 95°C
for 5minin 10 mM Tris—HCI, pH 8.0, and 100 mM KCI and
then cooled to room temperature slowly for 4 h by turning
off the heating device.

Plasmids containing site-specific lesions. Plasmids con-
taining single site-specific THF adduct or 8-0xoG:A were
prepared as described previously (30,31). Briefly, purified
pSCWOI plasmids were nicked by Nt. BstNBI to create a 37-
base gap. A 37mer containing a single abasic site (THF37-
top, above) was annealed into this gap and the backbone
was sealed with T4 DNA ligase. The THF arrays were pre-
pared using the defined lesion plasmid described above.
Lesion-containing pSCWO01 was linearized via restriction
digest by Xhol (NEB) then incubated with T4 DNA ligase
(NEB) to achieve long (>40 kb) tandemly ligated products
with one THF site every 2 kb. To generate a 538 bp DNA
fragment containing an 8-0xoG:A site 30% from one end,
a 37 base oligonucleotide indicated above was ligated into
pSCWOI gapped plasmid. The plasmid was digested with
Xmnl and Pcil restriction enzymes (NEB) and the fragment
was purified as described previously (31).

MUTYH excision assay

Reactions were carried out in a volume of 10 wL containing
MUTYH excision buffer (20 mM HEPES, pH 7.9, 50 mM
NaCl, I mM MgCl,, 1 mM DTT), 50 nM of fluorescein-
labeled 8-0x0G37(G:A) containing duplex DNA and the in-
dicated amount of MUTYH and UV-DDB. Reactions were
incubated at 37°C for each time point (up to 4 h) and rapidly
quenched by adding an equal volume of gel loading buffer
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(2x formamide dye solution), heated at 95°C for 5 min, then
cooled on ice for 5 min. 0.1 M NaOH was included in the
quenching step to induce DNA nicking at the abasic site.
The reaction product was separated by electrophoresis on
10% denaturing polyacrylamide gel and visualized using a
laser scanner for fluorescence (Typhoon, Amersham). The
substrate and product bands were quantified using Imagel.

Electrophoretic mobility shift assays (EMSA)

MUTYH-DNA reaction was prepared by combining 8 nM
of 37 bp THF8-0xoG DNA with 20nM of MUTYH in re-
action buffer (20 mM HEPES, pH 7.5, 150mM NaCl, 5 mM
DTT, 0.5 mg/ml BSA, and 5% glycerol), incubating for 10
min at RT, then mixing with increasing amounts of UV-
DDB (0-64 nM) in a final reaction volume of 10 wL. Each
reaction was incubated for 30 min at RT then immediately
loaded on two pre-run 5% polyacrylamide (37.5:1, acry-
lamide : bis) native gels and run at 100 V for 50 min at 4°C in
1/2x TBE (4.5 mM Tris, 44.5 mM boric acid, | mM EDTA,
pH 8.4). DNA bands were visualized using a laser scanner
for fluorescence (Typhoon, Amersham). The percentage of
total DNA bound by each protein was determined by mea-
suring the band intensity present in the bound states and
dividing by the total band intensity in the lane. Background
signals from blank regions of the gel were subtracted from
the signal intensities obtained from bands. The percentage
of DNA bound in each reaction was plotted against the con-
centration of UV-DDB.

DNA tightrope assay

Single-molecule DNA tightrope assay was performed as de-
scribed previously (31). Briefly, poly-L-lysine (Wako Pure
Chemicals) coated silica beads (5 wm; Polysciences Inc.)
were deposited onto a PEG-treated coverslip (24 x 40 mm;
Corning) in a custom flow cell. Defined lesion (abasic site)
substrates were strung up across the beads via hydrody-
namic flow. DNA substrates were made by tandem ligation
of pPSCWO01 plasmid (~2 kb) with a single, site specific THF
modification and proximal biotinylated thymine.

Protein labeling. Prior to imaging, purified His-tagged
MUTYH was labelled with secondary antibody-coated 605
nm quantum dots (Qdots; Invitrogen) through a-His pri-
mary antibody (Qiagen). For UV-DDB-facilitated disso-
ciation experiments, quantum dot-labeled MUTYH was
injected into the flow cell at final concentrations of 2.6
nM with 1x UV-DDB conjugated to goat a-Flag pri-
mary antibody. For colocalization experiments, purified
UV-DDB was conjugated to streptavidin coated 705 nm
Qdots through biotinylated goat a-Flag primary antibody
(Bethyl), and quantum dot-labelled MUTYH or UV-DDB
were injected into the flow cell at final concentrations of
2.6 or 3.1 nM, respectively. We conjugated each protein in
separate reaction tubes and injected into the flow cell sep-
arately for dual-color experiments; flow was stopped dur-
ing the observation period. Furthermore, we performed a
control experiment to check whether there is any unwanted
interaction between 705Qdot-labeled UV-DDB (DDBI is
His-tagged) and «-His primary antibody conjugated to
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605Qdots previously (25). 705Qdot conjugated UV-DDB
was injected into the flow cell and then injected 605Qdot
conjugated with a-His primary antibody, and observed for
4 h. During this time, 20 particles were recorded, but none
were co-localized. All binding experiments were carried out
in tightrope buffer (25 mM HEPES, pH 7.5, 150 mM NacCl,
0.1 mg/ml BSA (Roche), 50 nM biotin, and 1 mM DTT).

Data collection. Labeled proteins were visualized using
oblique angle fluorescence (Nikon Eclipse Ti inverted mi-
croscope with Nikon 100x TIRF objective and 1.45 numer-
ical aperture) with a 488 nm laser (power 1-2 mW) at the
back focal plane to excite Qdots and the appropriate emis-
sion filter (Chroma) applied at RT. Movies were taken for 5
min with frame rates between ~11 and 12.5 fps.

Data analysis. Images were acquired using Nikon Ele-
ments (4.2) and exported as TIFF stacks for kymograph
processing and analysis in ImageJ (NIH). Differences be-
tween dissociation rates and motility fractions were assessed
by one-way ANOVA. For half-life determination, the data
were fit to a single-exponential decay function in GraphPad
Prism. Errors of fits were also calculated with GraphPad
Prism.

The mean squared displacement (MSD) was calculated
for all motile phases using custom scripts in MATLAB:

N—n
|
MSD (nd1) = ~— > " (i — %)
i=1

where N is total number of frames in the phase, n is the num-
ber of frames at a given time step, Az is the time increment
of one frame, and x; is the particle position in the ith frame
(32). The diffusion coefficient (D) was determined by fitting
a linear model of one-dimensional diffusion to the MSD
plots:

MSD (nAt) = 2D (nAf) + y

where y is a constant (y-intercept). Fittings resulting in R>
<0.8 or using <10% of the MSD plot were not considered.

Atomic force microscopy (AFM)

Sample preparation. All buffers were filtered through
0.02 wm membrane filter (Whatman). UV-DDB-MUTYH-
DNA reactions consisted of 140 nM of 538 bp substrate,
350 nM UV-DDB, and 350 nM MUTYH, for a final vol-
ume of 10 wl in MUTYH AFM buffer (20 mM HEPES,
pH 7.9, 50 mM NaCl, 1 mM MgCl, and 1.4 mM DTT).
MUTYH was added first and incubated at room tempera-
ture for 10 min. UV-DDB was then added, and the reaction
incubated at room temperature for 15 min. The binding re-
action was diluted 1:25 in AFM Deposition buffer (25 mM
HEPES, pH 7.5, 25 mM NaOAc, 10 mM Mg(OAc),) that
was heated at 65°C and cooled to room temperature. Free
protein was diluted to 40 nM in AFM deposition buffer.
The dilution was pipetted onto freshly cleaved mica, rocked
gently for 30 s, washed with 1mL of filtered H,O, and dried
under a gentle stream of nitrogen.

Generation of the standard curve.  Free protein was diluted
to 40 nM in AFM deposition buffer. A total of between 600
and 1000 particles were analyzed for each protein. Gaus-
sian was fit to determine the average volume for each pro-
tein. UvrA (purified as published (33,34)), UvrB (purified
as published (35)), and OGG1 (purchased from Novus Bi-
ologicals) were used to generate the standard curve.

Data collection. Data was collected using ScanAsyst
PeakForce Tapping mode in air on a Multimode V Micro-
scope with an E scanner (Bruker). 1 x 1 wm images were
taken with pixel size 512 x 512 using SCANASYST-AIR
probes with 2 nm radius tip (Bruker).

Volume analysis. The volumes of the free protein and
the protein—-DNA complexes were determined using Image
SXM. For free proteins, the volume was calculated:

Volume = (< H> — B) x A

where <H> is the average height of the particle, B is the
background of the overall image, and A is the area of the
particle determined by thresholding above the background.

For protein-DNA complexes, the volume of the DNA
was estimated and subtracted from the total volume of the
complex. Image SXM was used to outline the complex and
select unbound regions of DNA equal to the length of the
complex (on either side of the complex). The volume of the
protein was thus calculated:

Vonar + Vona
Vprotein = Vcomplex - f

The linear regression from the standard curve was used to
determine the molecular weight of each complex. All molec-
ular weights were plotted and fit to a Gaussian.

RESULTS AND DISCUSSION

UV-DDB discriminates a wide range of DNA lesions from
non-damaged DNA

Previous work on UV-DDB by several groups (18-20) in-
cluding our own (22,25) showed that UV-DDB has high
affinity for abasic sites, in addition to UV-induced photo-
products. While previous work indicated that UV-DDB had
no detectable affinity for 8-0xoG:C or 8-0x0G:A pairs (19),
we have found that the addition of physiological concentra-
tions of Mg”*, while decreasing overall binding of UV-DDB
to DNA, greatly enhances specificity for these two lesions
by facilitating DNA sliding resulting in decreased affinity
for non-damaged DNA (22,25).

UV-DDB stimulates MUTYH excision activity

In a previous study, we showed that UV-DDB stimulates
OGG] removal of 8-0x0G by increasing the turnover of
OGGT1 (25). In this same study we also discovered that
UV-DDB stimulated the excision activity of MUTYH for
A across from 8-0xoG. In this present study we wanted
to further examine the mechanism of MUTYH stimula-
tion by UV-DDB. To determine the effect of UV-DDB on
MUTYH-catalyzed A base excision paired with 8-0x0G, a



limiting amount of MUTYH (20nM) was incubated with
excess 8-0x0G37(G:A) duplex oligonucleotide (50 nM) in
the absence or the presence of UV-DDB up to 4 h (Fig-
ure 1, see also Supplementary Figure S1). In this assay, the
MUTYH-processed DNA was treated with NaOH to con-
vert AP sites to nicks before running the samples on de-
naturing PAGE. MUTYH showed burst kinetics consistent
with previous studies (36), but extended time course showed
little if any turnover. When UV-DDB (50 nM) was added
to MUTYH, A excision increased ~ 4-5-fold (Figure 1B
and C). Purified UV-DDB by itself showed no detectable
DNA glycosylase activity on 8-0x0G37(G:A) (lane 2 at Fig-
ure 1B). These excision kinetic data suggest that UV-DDB
may stimulate the turnover of MUTYH activity through
facilitated product release during MUTYH catalytic cycle
during BER. These kinetic results alone, however, cannot
fully describe the mechanism for how this stimulation oc-
curs. For instance, presence of UV-DDB may also increase
the stability of MUTYH at longer timepoints via a protein
crowding mechanism (37). Therefore, MUTY H stimulation
was investigated in more detail using electrophoresis gel mo-
bility shift assays (EMSA) and single molecule studies de-
scribed below.

UV-DDB facilitates dissociation of MUTYH from abasic
sites in DNA

Our previous study has suggested that UV-DDB facilitates
the dissociation of OGGI from THF-containing substrates
and APE]1 from substrates with incised THF, thus increas-
ing product release rates which may contribute to increas-
ing their rates of turnover (25). We sought to investigate
this hypothesis using an EMSA. MUTYH (20 nM) was
bound to a THF:8-0x0G-containing duplex DNA substrate
(8 nM) by incubating these two components for 10 min at
RT. This AP site analogue (THF) was chosen because it
forms a stable complex with MUTYH. Upon incubation
of MUTYH with the oligonucleotide duplex, >80% of the
DNA was in the form of a complex with MUTYH (Figure
2, lane 8). UV-DDB (0-64 nM) was added in the absence
of MUTYH (lane 1-7) or presence of MUTYH (lane 8-
14). After 20 additional minutes of incubation at RT, UV-
DDB formed co-complexes with MUTYH and, at higher
concentrations, facilitated the dissociation of the DNA sub-
strate from MUTYH (Figure 2A and C, lanes 12-14). To
confirm the identities of these bands containing both UV-
DDB and MUTYH, we incubated the highest concentra-
tion with 250 nM anti-FLAG antibody, causing a super-
shift for bands containing UV-DDB (Figure 2A, lane 15
and Supplementary Figure S3). To compare the mechanism
of how UV-DDB facilitates product dissociation of MU-
TYH to the way that APE]1 facilitates the handoff, simi-
lar concentrations of APE1 were also used, up to 1000 nM
(Figure 2B and D, lanes 1-15). Even at the highest concen-
tration of APE1, MUTYH barely dissociated from its prod-
uct. In fact, 20 nM MUTYH protected the THF site from
cleavage by APEI compared to the lanes containing APE1
alone, which even at 2 nM significantly cleaved the THF-
containing substrate (Supplementary Figure S4).

The high affinity of MUTYH for AP sites makes it rela-
tively resistant to displacement by APEI (30) compared to
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OGG1, which is readily displaced by APE1 (31). In fact,
despite demonstrations of a direct MUTYH-APE] inter-
action (32), 100-fold excess APE1 was needed to mediate
displacement (33). We also found that while 20-30-fold ex-
cess of APE1 over MUTYH was necessary for MUTYH
turnover, UV-DDB at amounts of 0.5-2.5 fold excess were
sufficient to allow multiple cycles of MUTYH catalysis
(Figure 1 and Supplementary Figure S2). In addition, even
under optimal conditions with APE1, UV-DDB could stim-
ulate MUTYH turnover (Supplementary Figure S2). These
EMSA analyses confirmed that equal molar concentrations
of UVDDB as compared to MUTYH was capable of dis-
placing MUTYH from abasic sites (lane 12, Figure 2A).
Because the enzymes exhibit disparate Ky values for this
substrate (4 nM for UV-DDB compared to 0.05 nM for
MUTYH), differences in K4 values alone cannot fully ac-
count for how this handoff occurs at equimolar concentra-
tions. Instead, we hypothesize that UV-DDB interacts with
OGGI (25)and MUTYH glycosylases bound to their prod-
ucts, facilitating their dissociation. Thus, UV-DDB may
stimulate the turnover of other glycosylases with a similar
facilitated diffusion mechanism, perhaps analogous to UV-
DDB’s known ability to shift the registry of damaged DNA
tightly bound to nucleosomes to make the DNA damage
more accessible for repair (17).

Single molecule analysis of MUTYH dissociation by UV-
DDB

In order to further test the hypothesis that UV-DDB may in-
crease the rate of MUTYH dissociation from abasic (THF)
sites, we turned to single molecule analysis. In these exper-
iments, DNA tightropes containing abasic sites were sus-
pended from 5 micron beads and the rates of dissociation
of quantum dots (Qdots)-labelled MUTYH was monitored
in real-time. MUTYH was labeled with 605 nm Qdots us-
ing an antibody sandwich approach (38) in which a primary
mouse anti-His antibody was bound to a His-tagged M U-
TYH protein, then goat anti-mouse secondary antibody-
coated 605 nm Qdots (Figure 3A). Qdot-labeled MUTYH
was observed in the absence or presence of unlabeled UV-
DDB on DNA tightropes containing one abasic (THF) site
every 2 kb (Materials and Methods) for a total of 5 min,
and the number of Qdot-labeled proteins dissociating dur-
ing that time was noted. MUTYH displayed three-fold in-
crease in the frequency of dissociation (during 5-min obser-
vation window) when same amount of UV-DDB was added
(Figure 3B). Addition of equimolar of UV-DDB to MU-
TYH decreased the half-life of MUTYH from 8900 + 4700
sto 590 £ 40 s (Figure 3C). The relatively large error for the
former is due to a very slow off rate which when fitted to an
exponential decay gave a large uncertainty.

We found that in addition to increasing the rate of dis-
sociation of MUTYH from abasic sites, UV-DDB also in-
creased the motility of MUTYH on DNA. Compared to
MUTYH alone (10% motile) addition of UV-DDB in-
creased MUTYH motility ~3-fold. The diffusive behav-
ior of each motile MUTYH molecule was further analyzed
by characterization of its anomalous diffusion exponent
(a factor) and diffusion coefficient (D) in (Figures 3D and
E). The mean « factor of MUTYH only and MUTYH +
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Figure 1. UV-DDB stimulates MUTYH by binding specifically to 8-oxoG:A.

(A) Schematic representation of the DNA substrate containing 8oxoG:A

and the proposed reaction scheme. Circle represents a 3’-FAM moiety (B) Stimulation of MUTYH excision kinetics by UV-DDB. MUTYH (20 nM) was
incubated with dsDNA (50nM) containing 8-0x0G:A in the absence (—) or presence (+) of UV-DDB (50nM) at 37°C. Aliquots were withdrawn at each
time point and analyzed on a 10% denaturing polyacrylamide gel. Positions of the un-cleaved full-length substrate and excised product are indicated by
arrows. (C) Quantification of the stimulation of MUTYH excision kinetics by UV-DDB in (B). Excision product formation was quantified using ImageJ
software. The excision percentage was plotted as mean & SD from three independent experiments, each run on duplicate gels.

1x UV-DDB is 1.19 and 1.01, and its mean diffusion coef-
ficient is 3.75 x 10> pm?/s and 3.01 x 102 wm? /s, respec-
tively. Examples of UV-DDB induced motility and motile
dissociation of MUTYH are shown in Figure 3F and G,
and H amd I, respectively. Also see corresponding Videos 1
and 2. These data when combined with the EMSA results
indicate that UV-DDB can readily dissociate MUTYH di-
rectly from abasic sites and/or by increasing its motility on
DNA.

Single molecule analysis of colocalization of UV-DDB with
MUTYH on DNA containing abasic sites

While the EMSA experiments suggested transient complex
formation between UV-DDB with MUTYH on abasic site
containing DNA, an additional series of experiments was
performed to attempt to demonstrate a direct interaction
between MUTYH and UV-DDB. We found no evidence of
adirect interaction of UV-DDB and MUTYH by size exclu-
sion chromatography (Supplementary Figure S5). However,
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Figure 2. UV-DDB facilitates MUTYH dissociation via co-complex formation. (A) UV-DDB forms co-complexes with MUTYH and displaces MUTYH
on abasic sites, shown by EMSA. Binding reactions of THF80x0G37 and increasing amounts of UV-DDB with or without MUTYH were separated by
native PAGE. Protein-DNA complexes were identified based on band migration and labelled accordingly. In lane 15, addition of 250 nM anti-FLAG
antibody caused a supershift in UV-DDB containing species, marked with an asterisk (see Supplementary Figure S3). Representative gel shown from three
independent experiments. (B) Binding reactions of THF80x0G37 of APE1 with and without MUTYH were assayed by native PAGE. Even at up to 1 pM
APEI, minimal MUTYH dissociation was observed. After running on a sequencing gel (Supplementary Figure S4) MUTYH at 20 nM prevented nearly
all APE1 endonuclease activity (C) Quantification of (A) from lane 8 to 14. Percent bound of total DNA by all UV-DDB species (including monomer,
dimer, and trimer), MUTY H species (including monomer and dimer), and co-complex (including co-complex 1 and co-complex 2) are plotted as a function
of UV-DDB concentration. Data shown as the mean of two measurements from three experiments + SD. (D) Quantification of (C) from lane 8-15. Data

shown as the mean of two measurements from three experiments =+ s.d.

since both MUTYH and UV-DDB are capable of binding
to abasic sites individually, we sought to further investigate
their potential transient interactions on the DNA contain-
ing abasic sites using the DNA tightrope assay at single
molecule level. To this end, we used an orthogonal labelling
strategy for direct dual-color fluorescence imaging of His-
tagged MUTYH, labelled with 605 nm Qdots, and Flag-
tagged UV-DDB, labelled with a biotinylated goat anti-Flag
primary antibody and streptavidin-coated 705 nm Qdots,
as previously described (25) (Figure 4A). Control experi-
ments indicated that there is no exchange of Qdots between

605Qdot conjugated with a-His primary antibody and UV-
DDB (DDBI is His-tagged) (25).

Qdot-labeled MUTYH was first injected into a flow cell
containing DNA tightropes with one abasic site (THF) ev-
ery 2 kb, and Qdot-labeled UV-DDB was injected 5 min
later. After injection, all flow was stopped. Owing to the
transient nature (mobility and dissociation) of MUTYH
and UV-DDB binding to damaged DNA, we reasoned that
colocalization might be a relatively rare event. We found
that colocalization within the precision of our Qdot ap-
proach of MUTYH and UV-DDB accounted for 24% of all
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Figure 3. Single molecule analysis reveals that UV-DDB stimulates turnover of MUTYH by facilitated dissociation. (A) Experimental design of DNA
tightrope assay to study UV-DDB induced mobility and dissociation of MUTYH (top). Long DNA substrates with defined abasic sites (THF) every 2 kb
are suspended between silica beads (bottom, left). His-tagged MUTYH is labelled with primary mouse-anti-His antibody and secondary goat-anti-mouse
antibody conjugated to a 605nm Qdot. (bottom, right) un-labeled UV-DDB. (B) Stack bar graph showing the fraction of motile (green) versus stationary
(white) and persistent (solid) vs. dissociating (diagonal lines) particles of 605Qdot labelled MUTYH in the absence (—) or presence (+) of un-labeled
1x UV-DDB on abasic (THF) DNA during 300s observation. (****P < 0.0001 by x 2 test). (C) Effects of UV-DDB on the lifetimes of MUTYH-DNA
complexes. Data plotted as the mean + SEM from three independent experiments. For each condition, survival fraction decay is fit to a single exponential
decay function to obtain the half-life and errors shown are the errors of the fit. (D) Anomalous diffusion exponent (o) versus diffusion coefficient (logjoD)
plotted for MUTYH (black filled circles) and MUTYH with 1x UV-DDB (red filled circles). (E) Box and whisker plot (10-90 percentile) of left, the
Anomalous diffusion exponent («) and right, the diffusion coefficient (logjo D) calculated for MUTYH only (n = 20 phases) and MUTYH with 1x UV-
DDB (7 = 61 phases) phases on long DNA substrates with defined abasic sites (THF) every 2 kb. +, sample mean, *P < 0.1, **P < 0.01 by two-tailed
Student’s ¢ test. (F) Image of 605Qdot-labled MUTYH (green) on abasic (THF) tightrope suspended between beads in the 1x presence of unlabeled UV-
DDB. Scale bar represents 2.5 pm. Arrow points to motile MUTYH particle. See corresponding video 1. (G) Kymograph of 605Qdot-labeled MUTYH
(green) with motile particle (F). Horizontal and vertical scale bars represent 50 s and 2 kb, respectively. (H) Image of 605Qdot-labled MUTYH (green)
on abasic (THF) tightrope suspended between beads in the 1 x presence of un-labelled UV-DDB. See corresponding Video 2. Scale bar represents 2.5

pm. Arrow points to motile/ dissociated MUTYH particle. (I) Kymograph of 605Qdot-labeled MUTYH (green) with motile and dissociated particle (H).
Horizontal and vertical scale bars represent 50s and 2kb, respectively.
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Figure 4. Single molecule co-localization of UV-DDB with MUTYH on abasic DNA tightropes. (A) Schematic of the DNA tightrope assay. Long DNA
substrates with abasic sites every 2 kb were suspended between 5 pm poly-L-lysine coated silica beads. Anti-His primary antibody was used to link the His-
tagged MUTYH to the 605Qdot. Biotin conjugated anti-Flag primary antibody was used to link Flag-tagged UV-DDB to streptavidin-coated 705Qdot.
Uniquely labelled MUTYH and UV-DDB were observed interacting on abasic DNA tightropes in real time and their behavior and frequency of co-
localization was recorded. (B) Venn diagram showing number of proteins that co-localized (yellow) on abasic (THF) tightropes or were observed separately
for 605Qdot-labeled MUTYH (green) with 705Qdot-labeled UV-DDB (red) in the dual-color assay. (C) Image of co-localized (yellow) Qdot-labelled
MUTYH (green) and UV-DDB (red) on abasic (THF) tightrope suspended between beads. Scale bar represents 2.5 pwm. Arrow points to co-localized
particle. See Video 3. (D) Kymograph of co-localized MUTYH and UV-DDB. Top, MUTYH (green); middle, UV-DDB (red); bottom, merged (yellow).
Horizontal and vertical scale bars represent 50s and 2 kb, respectively. (E) Stacked bar graph showing the fraction of motile (gray) versus stationary (white)
and persistent (solid) versus dissociating (diagonal lines). Results obtained with individual and co-localized particles. (MUTYH; MUTYH behavior in the
presence of UV-DDB, co-local; co-localized MUTYH/UV-DDB behavior, UV-DDB; UV-DDB behavior in the presence of MUTYH). Data re-plotted as
a sub-set of (B).

particles (Figure 4B). Some of these colocalized molecules 0x0G:A. AFM measures volumes of globular proteins,
(Figure 4C and D) were found to diffuse on the DNA to- which are directly proportional to their molecular weight.
gether, suggesting direct interactions on DNA; however, the In this approach, 140 nM 538 bp DNA duplex contain-
overall motion and dissociation of the repair proteins did ing a 80xo0G:A site 30% from one end was mixed with 350
not change substantially when complexed together (Supple- nM MUTYH and 350 nM UV-DDB. This solution was
mentary Figures S6A and B). The kymographs of merged then diluted 1:25 and deposited on mica. Based on the mea-
channels (Figure 4D) showed colocalization of green and sured volumes complexes consisting of MUTYH, MUTYH
red signals, indicating transient interactions of MUTYH dimer, UV-DDB and UV-DDB-MUTYH complexes were
with UV-DDB. Additional kymographs are shown in Sup- observed (Figure 5). The standard curve for volume ver-

plementary Figures. STA-H and Supplementary Video 3). sus molecule weight as well as the behavior of the pro-
Also note that UV-DDB helps to induce mobility and in- teins without DNA are shown in Supplementary Figures
crease dissociation of MUTYH. S8 and S9. Taken together, these data suggest that UV-

Atomic force microscopy (AFM) was used to confirm DDB can associate and migrate together with MUTYH
that UV-DDB and MUTYH co-localize at sites of 8- on DNA.
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Figure 5. MUTYH and UV-DDB colocalize on DNA containing 8-
0x0G:A damage. (A) Histogram showing distribution of AFM volumes
of MUTYH and UV-DDB bound to DNA containing 8-0xoG:A (n =
104). Molecular weights corresponding to MUTYH monomer, MUTYH
dimer, UV-DDB monomer, (blue) and UV-DDB-MUTYH complex (red).
(B) Representative 3D AFM image of MUTYH bound to 8-0xoG:A DNA.
(C) Representative 3D AFM image of UV-DDB bound to 8-oxoG:A
DNA. (D) Representative 3D AFM image of MUTYH-UV-DDB bound
to 8-0x0G:A DNA.

Working model of UV-DDB facilitated repair of 8-oxoG:A
by MUTYH

Figure 6 provides a working model of how UV-DDB may
act to stimulate MUTYH activity. Our previous work has
suggested that UV-DDB arrives prior to OGGI at sites of
8-0x0G at telomeres (25). Since many glycosylases are in-
hibited when their substrates are embedded in a nucleo-
some (39-47) future experiments will be necessary to de-
termine whether UV-DDB is capable of stimulating MU-
TYH excision of 8-0x0G:A mispairs in the context of nu-
cleosomes. No group has yet reported on whether MUTYH
activity is inhibited when 8-0x0G:A is placed in a nucleo-
some. Data presented in this study shows that under opti-
mal conditions UV-DDB can stimulate MUTYH excision
of A from an 8-0x0G:A pair 4-5-fold. Furthermore, EMSA
bulk studies showed that UV-DDB can displace MUTYH
from abasic sites and forms transient complexes. Single
molecule techniques combined with a DNA tightrope as-
say directly showed that UV-DDB was capable of displac-
ing Qdot-labeled MUTYH from abasic sites. Finally, dual
color Qdot experiments with UV-DDB and MUTYH indi-
cated transient interactions in which MUTYH showed in-
creased motility and dissociation from DNA. These data
provide strong support for a direct role of UV-DDB in help-
ing to turn over MUTYH from its product, abasic sites. Pre-
vious work from our laboratory indicated that UV-DDB

DNA

Nick sealed by DNA Ligase I/11I

Figure 6. Proposed working model of UV-DDB stimulation of MUTYH
in the repair of 8-0x0G. (A) Schematic representation of the proposed
BER pathway including UV-DDB is illustrated. UV-DDB is believed to
be rapidly recruited to damaged sites in chromatin and help facilitate pro-
cessing by MUTYH. Biochemical and single molecule data suggest that
UV-DDB transiently associates with MUTYH at 8-oxoG:abasic sites to
increase its release and turnover. APE1 is expected to be necessary to in-
cise the DNA and has been shown previously to be stimulated by UV-DDB
(25). DNA pol A then undergoes long patch repair (3), and FENI (not
shown) processes the flap leaving a nick, which is then sealed by DNA lig-
ase I/111.

can stimulate APE1 8-fold on abasic sites and stimulate
Pol B incorporation some 30-fold (25). These data together
with our present study, suggest that UV-DDB may play
a direct role in the removal of A across from 8-0xoG in
cells by long-patch BER (Figure 6). Future experiments us-
ing a reconstituted system of UV-DDB, MUTYH, APEIl,
PCNA, Pol A and DNA ligase I/III as well as cell exper-
iments will be necessary to provide more support for this
model.

Defects in both MUTYH and DDB2 are implicated
in carcinogenesis. MUTYH mutations are associated with
increased colon cancer (10). The studies presented here
have important implications in that DDB2 KO mice show
increased rates of spontaneous tumor formation. In a
chemical/irritant model of colon cancer, DDB2 KO ani-
mals showed more and larger tumors (23,24). Finally cor-
relative studies suggest that high levels of DDB2 are pro-
tective in human colon cancers (48). Future studies in cell
and animal systems will be necessary to understand the ex-
tent to which UV-DDB is directly involved in the removal
of 8-0x0G:A mispairs and how loss of DDB2 may increase
oxidant-induced tumors.



DATA AVAILABILITY

All raw data is available from the senior author and can be
released upon request, vanhoutenb@upmc.edu.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Namrata Kumar for helpful
discussions and critical reading of this manuscript. The
manuscript’s contents are solely the responsibility of the au-
thors and do not necessarily represent the official views of
the NIEHS or NIH.

FUNDING

NIH [RO1ES019566, RO1ES028686, R35ES031638 to
B.V.H., ROICA06785 to S.S.D.]; C.K. was supported by
a National Institute of Environmental Health Sciences
(NIEHS)-funded predoctoral fellowship [T32 ES007059];
B.L.S. was supported by a National Institute of General
Medical Science (GM)-funded predoctoral fellowship [T32
GMO088119]; M.A.S. is supported by Hillman Postdoctoral
Fellowship for Innovative Cancer Research. Funding for
open access charge: NIH [R35ES031638].

Conflict of interest statement. None declared.

REFERENCES

1. Au,K.G., Cabrera,M., Miller,J.H. and Modrich,P. (1988) Escherichia
coli mutY gene product is required for specific A-G—-C.G mismatch
correction. Proc. Natl. Acad. Sci. U.S. A., 85, 9163-9166.

2. Burak,M.J., Guja,K.E., Hambardjieva,E., Derkunt,B. and
Garcia-Diaz,M. (2016) A fidelity mechanism in DNA polymerase
lambda promotes error-free bypass of 8-oxo-dG. EMBO J., 35,
2045-2059.

3. van Loon,B. and Hubscher,U. (2009) An 8-oxo-guanine repair
pathway coordinated by MUTYH glycosylase and DNA polymerase
lambda. Proc. Natl. Acad. Sci. U.S.A., 106, 18201-18206.

4. Gu,Y., Parker,A., Wilson, T.M., Bai,H., Chang,D.Y. and Lu,A.L.
(2002) Human MutY homolog, a DNA glycosylase involved in base
excision repair, physically and functionally interacts with mismatch
repair proteins human MutS homolog 2/human MutS homolog 6. J.
Biol. Chem., 277, 11135-11142.

5. London,R.E. (2015) The structural basis of XRCCI-mediated DNA
repair. DNA Repair, 30, 90-103.

6. Prasad,R., Liu,Y., Deterding,L.J., Poltoratsky,V.P., Kedar,P.S.,
Horton,J.K., Kanno,S., Asagoshi,K., Hou,E.W., Khodyreva,S.N.
et al. (2007) HMGBI is a cofactor in mammalian base excision
repair. Mol. Cell, 27, 829-841.

7. Banda,D.M., Nunez,N.N., Burnside,M.A., Bradshaw,K.M. and
David,S.S. (2017) Repair of 8-0x0G:A mismatches by the MUTYH
glycosylase: mechanism, metals and medicine. Free Radic. Biol. Med.,
107, 202-215.

8. David,S.S., O’Shea,V.L. and Kundu,S. (2007) Base-excision repair of
oxidative DNA damage. Nature, 447, 941-950.

9. Manlove,A., Nufiez,N. and David,S.J.W.S. (2016) In: The GO Repair
Pathway: OGGI and MUTYH, The Base Excision Repair Pathway.
World Scientific, pp. 63-115.

10. Al-Tassan,N., Chmiel,N.H., Maynard.,J., Fleming,N.,
Livingston,A.L., Williams,G.T., Hodges,A.K., Davies,D.R.,
David,S.S., Sampson,J.R. et al. (2002) Inherited variants of MYH
associated with somatic G:C—T:A mutations in colorectal tumors.
Nat. Genet., 30, 227-232.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Nucleic Acids Research, 2021, Vol. 49, No. 14 8187

Manlove,A.H., McKibbin,P.L., Doyle,E.L., Majumdar,C.,
Hamm,M.L. and David,S.S. (2017) Structure-Activity relationships
reveal key features of 8-Oxoguanine: a mismatch detection by the
MutY glycosylase. ACS Chem. Biol., 12, 2335-2344.
McAuley-Hecht,K.E., Leonard,G.A., Gibson,N.J., Thomson,J.B.,
Watson,W.P., Hunter, W.N. and Brown,T. (1994) Crystal structure of a
DNA duplex containing 8-hydroxydeoxyguanine-adenine base pairs.
Biochemistry, 33, 10266-10270.

Lee,A.J., Majumdar,C., Kathe,S.D., Van Ostrand,R.P,, Vickery,H.R.,
Averill,A.M., Nelson,S.R., Manlove,A.H., McCord,M.A. and
David,S.S. (2020) Detection of OG:A lesion mispairs by MutY relies
on a single his residue and the 2-amino group of 8-oxoguanine. J. Am.
Chem. Soc., 142, 13283-13287.

Chmiel,N.H., Golinelli, M.P.,, Francis,A.W. and David,S.S. (2001)
Efficient recognition of substrates and substrate analogs by the
adenine glycosylase MutY requires the C-terminal domain. Nucleic
Acids Res., 29, 553-564.

. Noll,D.M., Gogos,A., Granek,J.A. and Clarke,N.D. (1999) The

C-terminal domain of the adenine-DNA glycosylase MutY confers
specificity for 8-oxoguanine.adenine mispairs and may have evolved
from MutT, an 8-oxo-dGTPase. Biochemistry, 38, 6374-6379.
Wright,PM., Yu,J., Cillo,J. and Lu,A.L. (1999) The active site of the
Escherichia coli MutY DNA adenine glycosylase. J. Biol. Chem., 274,
29011-29018.

Matsumoto,S., Cavadini,S., Bunker,R.D., Grand,R.S., Potenza,A.,
Rabl,J., Yamamoto,J., Schenk,A.D., Schubeler,D., Iwai,S. et al.
(2019) DNA damage detection in nucleosomes involves DNA register
shifting. Nature, 571, 79-84.

Payne,A. and Chu,G. (1994) Xeroderma pigmentosum group E
binding factor recognizes a broad spectrum of DNA damage. Mutat.
Res., 310, 89-102.

Fujiwara,Y., Masutani,C., Mizukoshi,T., Kondo,J., Hanaoka,F. and
Iwai,S. (1999) Characterization of DNA recognition by the human
UV-damaged DNA-binding protein. J. Biol. Chem., 274,
20027-20033.

Wittschieben,B.O., Iwai,S. and Wood,R.D. (2005) DDB1-DDB2
(xeroderma pigmentosum group E) protein complex recognizes a
cyclobutane pyrimidine dimer, mismatches, apurinic/apyrimidinic
sites, and compound lesions in DNA. J Biol. Chem., 280,
39982-39989.

Sugasawa,K. (2009) UV-DDB: a molecular machine linking DNA
repair with ubiquitination. DNA Repair ( Amst. ), 8, 969-972.
Beecher,M., Kumar,N., Jang,S., Rapic-Otrin,V. and Van Houten,B.
(2020) Expanding molecular roles of UV-DDB: Shining light on
genome stability and cancer. DNA Repair ( Amst. ), 94, 102860.
Itoh,T., Iwashita,S., Cohen,M.B., Meyerholz,D.K. and Linn,S. (2007)
Ddb2 is a haploinsufficient tumor suppressor and controls
spontaneous germ cell apoptosis. Hum. Mol. Genet., 16, 1578-1586.
Yoon,T., Chakrabortty,A., Franks,R., Valli,T., Kiyokawa,H. and
Raychaudhuri,P. (2005) Tumor-prone phenotype of the
DDB2-deficient mice. Oncogene, 24, 469-478.

Jang,S., Kumar,N., Beckwitt,E.C., Kong,M., Fouquerel,E.,
Rapic-Otrin, V., Prasad,R., Watkins,S.C., Khuu,C., Majumdar,C.

et al. (2019) Damage sensor role of UV-DDB during base excision
repair. Nat. Struct. Mol. Biol., 26, 695-703.

Fouquerel,E., Barnes,R.P., Uttam,S., Watkins,S.C., Bruchez, M.P.
and Opresko,P.L. (2019) Targeted and persistent 8-oxoguanine base
damage at telomeres promotes telomere loss and crisis. Mol. Cell, 75,
117-130.

Pope,M.A., Chmiel,N.H. and David,S.S. (2005) Insight into the
functional consequences of hMYH variants associated with
colorectal cancer: distinct differences in the adenine glycosylase
activity and the response to AP endonucleases of Y150C and G365D
murine MYH. DNA Repair (Amst. ), 4, 315-325.

Yeh,J.I., Levine,A.S., Du,S., Chinte,U., Ghodke,H., Wang,H., Shi,H.,
Hsieh,C.L., Conway,J.F., Van Houten,B. et al. (2012) Damaged DNA
induced UV-damaged DNA-binding protein (UV-DDB) dimerization
and its roles in chromatinized DNA repair. Proc. Natl. Acad. Sci.
USA, 109, E2737-E2746.

Nunez,N.N., Majumdar,C., Lay,K.T. and David,S.S. (2018) Fe-S
clusters and MutY base excision repair glycosylases: purification,
kinetics, and DNA affinity measurements. Methods Enzymol., 599,
21-68.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkab591#supplementary-data

8188 Nucleic Acids Research, 2021, Vol. 49, No. 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ghodke,H., Wang,H., Hsieh,C.L., Woldemeskel,S., Watkins,S.C.,
Rapic-Otrin,V. and Van Houten,B. (2014) Single-molecule analysis
reveals human UV-damaged DNA-binding protein (UV-DDB)
dimerizes on DNA via multiple kinetic intermediates. Proc. Natl.
Acad. Sci. US.A., 111, E1862-E1871.

Kong,M., Beckwitt,E.C., Springall,L., Kad,N.M. and Van Houten,B.
(2017) Single-Molecule methods for nucleotide excision tepair:
building a system to watch repair in real time. Methods Enzymol.,
592, 213-257.

Nelson,S.R., Dunn,A.R., Kathe,S.D., Warshaw,D.M. and
Wallace,S.S. (2014) Two glycosylase families diffusively scan DNA
using a wedge residue to probe for and identify oxidatively damaged
bases. Proc. Natl. Acad. Sci. U.S.A., 111, E2091-E2099.

Zou,Y., Liu, T.-M., Geacintov,N.E. and Van Houten,B. (1995)
Interaction of the UvrABC nuclease system with a DNA duplex
containing a single stereoisomer of dG-(+)- or dG-(—)-anti-BPDE.
Biochemistry, 34, 13582-13593.

Hoare,S., Zou,Y., Purohit,V., Krishnasamy,R., Skorvaga,M., Van
Houten,B., Geacintov,N.E. and Basu,A.K. (2000) Differential
incision of bulky carcinogen-DNA adducts by the UvrABC nuclease:
comparison of incision rates and the interactions of Uvr subunits
with lesions of different structures. Biochemistry, 39, 12252-12261.
Wang,H., DellaVecchia,M.J., Skorvaga,M., Croteau,D.L., Erie,D.A.
and Van Houten,B. (2006) UvrB domain 4, an autoinhibitory gate for
regulation of DNA binding and ATPase Activity*. J. Biol. Chem.,
281, 15227-15237.

Pope,M.A. and David,S.S. (2005) DNA damage recognition and
repair by the murine MutY homologue. DNA Repair (Amst. ), 4,
91-102.

Batra,J., Xu,K., Qin,S. and Zhou,H.-X. (2009) Effect of
macromolecular crowding on protein binding stability: modest
stabilization and significant biological consequences. Biophys. J., 97,
906-911.

Wang,H., Tessmer.I., Croteau,D.L., Erie,D.A. and Van Houten,B.
(2008) Functional characterization and atomic force microscopy of a
DNA repair protein conjugated to a quantum dot. Nano Lett., 8,
1631-1637.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Hinz,J.M. (2014) Impact of abasic site orientation within
nucleosomes on human APEI endonuclease activity. Mutat.

Res. | Fundam. Mol. Mech. Mutagen., 766-767, 19-24.

Hinz,J.M., Mao,P., McNeill,D.R. and Wilson,D.M. 3rd (2015)
Reduced nuclease activity of apurinic/apyrimidinic endonuclease
(APEI) variants on nucleosomes: identification of access residues. J.
Biol. Chem., 290, 21067-21075.

Hinz,J.M., Rodriguez,Y. and Smerdon,M.J. (2010) Rotational
dynamics of DNA on the nucleosome surface markedly impact
accessibility to a DNA repair enzyme. Proc. Natl. Acad. Sci. U.S. A.,
107, 4646-4651.

Menoni,H., Gasparutto,D., Hamiche,A., Cadet,J., Dimitrov,S.,
Bouvet,P. and Angelov,D. (2007) ATP-dependent chromatin
remodeling is required for base excision repair in conventional but
not in variant H2A .Bbd nucleosomes. Mol. Cell Biol., 27, 5949-5956.
Rodriguez, Y., Hinz,J.M. and Smerdon,M.J. (2015) Accessing DNA
damage in chromatin: preparing the chromatin landscape for base
excision repair. DNA Repair (Amst. ), 32, 113-119.

Beard,B.C., Wilson,S.H. and Smerdon,M.J. (2003) Suppressed
catalytic activity of base excision repair enzymes on rotationally
positioned uracil in nucleosomes. Proc. Natl. Acad. Sci. U.S.A., 100,
7465-7470.

Odell,I.D., Wallace,S.S. and Pederson,D.S. (2013) Rules of
engagement for base excision repair in chromatin. J. Cell. Physiol.,
228, 258-266.

Mabher,R.L., Marsden,C.G., Averill, A.M., Wallace,S.S., Sweasy,J.B.
and Pederson,D.S. (2017) Human cells contain a factor that facilitates
the DNA glycosylase-mediated excision of oxidized bases from
occluded sites in nucleosomes. DNA Repair (Amst. ), 57, 91-97.
Bilotti,K., Tarantino,M.E. and Delaney,S. (2018) Human
oxoguanine glycosylase 1 removes solution accessible
8-Ox0-7,8-dihydroguanine lesions from globally substituted
nucleosomes except in the dyad region. Biochemistry, 57, 1436-1439.
Gilson,P., Drouot,G., Witz,A., Merlin,J.L., Becuwe,P. and Harle,A.
(2019) Emerging roles of DDB2 in cancer. Int. J. Mol. Sci., 20, 5168.





