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ABSTRACT

The ability of DNA glycosylases to rapidly and effi-
ciently detect lesions among a vast excess of non-
damaged DNA bases is vitally important in base exci-
sion repair (BER). Here, we use single molecule imag-
ing by atomic force microscopy (AFM) supported by
a 2-aminopurine fluorescence base flipping assay to
study damage search by human thymine DNA gly-
cosylase (hTDG), which initiates BER of mutagenic
and cytotoxic G:T and G:U mispairs in DNA. Our data
reveal an equilibrium between two conformational
states of hnTDG-DNA complexes, assigned as search
complex (SC) and interrogation complex (IC), both
at target lesions and undamaged DNA sites. Notably,
for both hTDG and a second glycosylase, hOGG1,
which recognizes structurally different 8-oxoguanine
lesions, the conformation of the DNA in the SC mir-
rors innate structural properties of their respective
target sites. In the IC, the DNA is sharply bent, as
seen in crystal structures of hTDG lesion recognition
complexes, which likely supports the base flipping
required for lesion identification. Our results support
a potentially general concept of sculpting of glycosy-
lases to their targets, allowing them to exploit the en-
ergetic cost of DNA bending for initial lesion sensing,
coupled with continuous (extrahelical) base interro-
gation during lesion search by DNA glycosylases.

INTRODUCTION

Base excision repair (BER) is the first-line defense to protect
the genome from detrimental effects of cytotoxic and muta-
genic DNA base oxidation, deamination and alkylation (1).
Initial detection and removal of these DNA lesions within
the huge excess of normal bases is achieved by DNA glyco-
sylases. The question of how BER enzymes detect their tar-
get sites within the huge excess of undamaged bases remains
largely unresolved. In general, DNA glycosylases have to

compromise between the needs to minimize the time for
lesion search and to maximize the selectivity for removal
of their target base (2). Like other DNA binding proteins
(3.4), under the in vivo conditions of high DNA concen-
tration, DNA repair enzymes have developed the ability to
bind nonspecific DNA with moderate affinity (5-7). One-
dimensional diffusion in contact with undamaged DNA
(sliding) and three-dimensional transfer among DNA seg-
ments (hopping) may then facilitate rapid lesion detection
(4-6,8). Final target identification requires contacts with
residues in the enzyme active site achieved by flipping of
the damaged base into an extrahelical state. In the catalytic
step, the base-sugar (N-glycosidic) bond of the everted base
is cleaved, creating an abasic site in the DNA. Because these
sites are highly susceptible to ssDNA breaks (9,10), abasic
sites are protected by the glycosylase after base excision un-
til further processing either by an apyrimidinic/apurinic en-
donuclease (for monofunctional glycosylases) or via an ad-
ditional intrinsic apyrimidinic/apurinic lyase activity of the
glycosylase (for bifunctional glycosylases). Finally, further
downstream BER factors are recruited to complete the re-
pair reaction and genomic integrity is regained (11).

In the lesion recognition complex, many DNA glyco-
sylases [e.g. uracil DNA glycosylase (UDG), hOGG! or
AlkA] (11) have been shown to display a high density of
polar phosphodiester interactions with the damaged strand
and only a few contacts with the undamaged strand, lead-
ing to DNA backbone distortion (bending). The resulting
protein-induced alternative DNA backbone conformations
and induced torsional stress on the target nucleotide have
been shown to lower the energetic barrier for base flip-
ping (12-14). Hereby, the lower stability of DNA at dam-
aged compared to homoduplex sites (15,16) facilitates DNA
bending and base flipping at target sites (17,18) and en-
hances the probability for spontaneous base pair opening
(base pair breathing). Currently, these processes are less well
understood for nonspecific DNA and the question whether
DNA glycosylases bend and flip undamaged DNA during
lesion search is still a matter of considerable debate (19,20).
The mechanisms underlying enzymatic base flipping have
been studied for several glycosylases (e.g. UDG, T4-Pdg,

“To whom correspondence should be addressed. Tel: +49 931 3180425; Fax: +49 931 3187320; Email: ingrid.tessmer@virchow.uni-wuerzburg.de

© The Author(s) 2015. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.



hOGG1, AlkA) with different techniques (2,17,21-24). A
major question is whether the proteins fulfill an active (in-
ducing base flipping) or passive (stabilizing the flipped state)
role in nucleotide flipping. For example, for UNG glycosy-
lase, capture of transiently emerging bases (passive flipping)
has been demonstrated at nontarget sites (24-27). On the
other hand, the glycosylase hOGG1 and its bacterial ho-
molog MutM were reported to exploit an active intrahelical
base interrogation and extrusion mechanism (13,28). The
particular (active or passive) mechanism of base eversion
may hence vary for different glycosylases. Indeed, it seems
likely that not only base extrusion but the entire process of
target site search is optimized for the individual energetic
requirements of the particular target sites of a specific gly-
cosylase.

Focusing on the specific example of the human thymine
DNA glycosylase (hnTDG), we address the question of DNA
lesion search strategies of DNA glycosylases by atomic
force microscopy (AFM) imaging. hTDG belongs to the
UDG protein superfamily (29) and is involved in BER as
well as epigenetic gene regulation being responsible for ac-
tive DNA demethylation (30-32). It shows a strong repair
activity for uracil from G:U mispairs as well as for oxi-
dized forms of methylated cytosine created by Tet enzymes,
including 5-formylcytosine and 5-carboxylcytosine (5fC,
ScaC) (33,34). In addition, hTDG maintains the integrity
of CpG sites by selective removal of thymine from G:T
mismatches caused by deamination of 5-methylcytosine
(5mC). Notably, hTDG efficiently avoids futile repair of
undamaged DNA; the enzyme excises thymine, a normal
base, with 18 000-fold greater activity from G:T mispairs
than from A:T pairs (35). Recent crystal structures of the
hTDG catalytic core domain (hTDGg,) showed the en-
zyme in the lesion recognition state with the noncleavable
substrate analog 2'-deoxy-2'-flouroarabinouridine (UF) or
ScaC, and the product complex with the deamination prod-
uct 5-hydroxymethyl uracil (ShmU) or an abasic sugar
flipped into its active site (31,36-38). Interestingly, in three
of these structures (31,36,38), the enzyme crystallized in
a 2:1 complex with DNA, with one subunit bound to the
target lesion (specific complex) and one subunit bound to
undamaged DNA in close vicinity (nonspecific complex).
Biochemical assays and kinetic studies confirmed dimer-
ization (of the catalytic domain as well as the full length
protein) under conditions of high and saturating [h'TDGQG],
but showed that a monomer of hTDG was fully capable of
DNA lesion recognition and base excision (38,39). Due to
the largely unstructured N-terminal domain, there are no
crystal structures of full-length hTDG available. However,
the structures of hTDG,, bound to either abasic DNA,
ShmU, G:UF or 5caC revealed several residues essential for
nucleotide flipping (e.g. Arg?”) and catalysis (e.g. Asn'%’) in
the specific lesion recognition complex (31,36-38). In con-
trast, the dynamics of base extrusion are less well under-
stood, in particular for undamaged bases, and it remains
elusive whether hTDG flips DNA bases in an active or pas-
sive manner.

In our AFM studies, we use long (500-2000 bp) frag-
ments of duplex DNA that is either nondamaged (ho-
moduplex DNA) or contains a specific lesion at a well-
defined position. To capture the enzyme in its lesion recog-
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nition state, we use the catalytically inactive hTDG vari-
ant N140A, which exhibits similar DNA binding affinity
as the wild-type (wt) enzyme, but only very minor, resid-
ual base excision activity for G:U and no detectable activ-
ity for G:T mispairs (40,41). This enables us to study in-
dividual " TDG-DNA complexes during lesion search and
detection in the absence of base excision. Our AFM data
analysis of protein-induced DNA bend angles revealed that
hTDG adopts two clearly distinguishable complex confor-
mations both at damaged and undamaged DNA sites. Us-
ing mutational studies and a fluorescence-based nucleotide
flipping assay, we confirmed an important role of the strictly
conserved residue Arg?’> in base flipping by TDG. Impor-
tantly, our data strongly suggest a lesion search mechanism
of TDG that involves an initial damage-sensing step, which
exploits mechanical properties of its target sites in DNA,
coupled with (extrahelical) base interrogation. We present
a model that summarizes our findings in the context of gen-
eral implications for DNA lesion search by DNA glycosy-
lases.

MATERIALS AND METHODS
Enzymes

hTDG wt and variants, N140A and R275A (all full length),
were expressed and purified as described (40). All experi-
ments with the native TDG targets G:T and G:U were car-
ried out with the strongly incision impaired TDG-N140A
variant (40), while wt or R275A variants [with residual base
excision activity (40)] were incubated with the G:U analog
G:U" that cannot be processed by hTDG. Recombinant
human 8-oxoguanine glycosylase (hOGG1) was obtained
from MyBioSource as N-terminally his-tagged and purified
protein with a concentration of 0.5 mg/ml as determined by
Bradford assay.

DNA substrate preparation

Linear specific DNA substrates for AFM (549 bp) were pro-
duced similarly as recently described (42,43). Briefly, DNA
substrate preparation is based on the plasmid pUCI9N
(2729 base pairs, a gift from Samuel Wilson’s laboratory,
NIEHS, USA), which contains two restriction sites of the
nickase Nt.BstNBI (New England Biolabs, NEB) in close
vicinity. After nicking with Nt.BstNBI, the short ssDNA
fragment between the nick sites (48 nt, Table 1, B) was re-
moved by repeated heating and spin-filtering in the pres-
ence of an excess of the complementary oligonucleotide.
The ssDNA gap was subsequently replaced by a target site
containing DNA insert and the nicks between the original
DNA and the insert were sealed by overnight incubation
with T4 DNA ligase (NEB) at ambient temperature. The se-
quences of the inserts used as target site specific DNA sub-
strates for hTDG and hOGG]1 are listed in Table 1. Cor-
rect insertion was controlled by restriction enzyme assays
using agarose gel electrophoresis after each step of the sam-
ple preparation as previously described (42,43) using BglII
(NEB). Target site containing plasmids were then digested
with the restriction enzymes Ndel and BspQI (NEB) yield-
ing the specific, linear 549 bp DNA fragments for AFM
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imaging experiments. To investigate target site search pro-
cesses, nonspecific DNA fragments (DNA substrates not
containing a glycosylase target site) were further generated
by digestion of undamaged pUC19N with Ndel and BspQI.
To probe for an effect of DNA sequence context and/or
DNA fragment length, a second nonspecific DNA substrate
was further prepared with a length of 1813 bp, by diges-
tion of undamaged pUC19N with BspQI and Sspl. After re-
striction enzyme digestion, all DNA substrates (specific and
nonspecific) for AFM imaging were purified by extraction
of the corresponding band from agarose gel electrophore-
sis using the NucleoSpin Extract II Kit (Macherey-Nagel,
Duren, Germany). The final substrates contain either ho-
moduplex DNA (original DNA sequence as in Table 1, B)
or a hTDG or hOGGTH target site at 46% of the DNA frag-
ment length; a G:U (C, Integrated DNA Technologies),
G:UF (D, Midland Certified Reagents) or G:T mismatch
(E, Biomers) in a CpG context or an 80xoG:C base lesion
(F, Midland Certified Reagents) as hTDG or hOGG1 target
sites, respectively.

Specific DNA oligonucleotides for fluorescence-based
base flipping assays were ordered with 2-aminopurine (2-
AP) modification neighboring the target sites UF or 8oxoG
(Table 1, G or I, respectively, both from Midland Certi-
fied Reagents). For nonspecific DNA substrates, 2-AP was
placed between two cytosines (H, obtained from Integrated
DNA Technologies). Complementary oligonucleotides (J
and K) were purchased by Sigma Aldrich. For annealing,
oligonucleotides were mixed at equimolar ratio; oligonu-
cleotides G (specific substrate) or H (nonspecific substrate)
with J for hTDG studies and oligonucleotide I with K (spe-
cific substrate) and H with J (nonspecific substrate) for ex-
periments on hOGGI.

AFM imaging

Prior to AFM experiments, all DNA substrates were heated
to 65°C for 10 min and slowly cooled down to room tem-
perature to remove possible salt microcrystals formed on
DNA upon storage. For analysis of hTDG interactions
with lesion-specific DNA substrates, 50 nM of hTDG vari-
ants (N140A or R275A) were incubated with 2.5 nM tar-
get site specific (G:U, G:UY, or G:T mismatch in a CpG
context) or nonspecific 549 bp DNA substrates. For ex-
periments on hTDG with 1813 bp nonspecific DNA, 50
nM hTDG (wt or variant R275A) were incubated with 1.5
nM undamaged DNA fragments. All hTDG-DNA samples
were incubated for 20 min at room temperature in AFM
buffer (25 mM HEPES pH 7.5, 25 mM sodium acetate,
10 mM magnesium acetate). hOGG1 wt (150 nM) was in-
cubated with undamaged DNA fragments (2 nM for 1813
bp DNA and 5 nM for 549 bp DNA) in AFM buffer for
10 min at room temperature. As a control, 25 nM pro-
tein (for both hTDG and hOGG1) were incubated as de-
scribed above, but in the absence of DNA. Likewise, DNA
substrates were incubated in the absence of protein at in-
cubation concentrations of 2.5 nM for 549 bp DNA frag-
ments and 1.5 nM for 1813 bp DNA fragments for deter-
mination of intrinsic DNA bend angles. For all samples, 20
wl of sample solution was deposited onto freshly cleaved
mica (Grade V; SPI Supplies) after incubations, rinsed with

ultrapure water, and dried in a gentle stream of nitrogen.
All AFM images were collected in air with a molecular
force probe 3D-Bio AFM (Asylum Research, Santa Bar-
bara, CA, USA) in tapping mode using OMCL-AC240TS
(Olympus) noncontact/tapping mode silicon probes with
spring constants of ~2 N/m and resonance frequencies of
~75kHz. AFM micrographs were captured at a scan speed
of 2.5 pm/s with image sizes of 2 pm x 2 pm, 4 pm x 4 pm
or 8 wm x 8§ pm and pixel resolution of ~2 nm.

AFM data analysis

Utilizing Asylum Research software on Igor Pro, AFM im-
ages were plane-fitted and flattened to third order. Protein—
DNA complexes were manually identified from the AFM
images and analyzed in terms of binding positions on the
DNA and DNA bend angle, excluding protein complexes
on DNA aggregates and on DNA fragments that were cut
off by the image margins. Statistical distributions of protein
positions along the long DNA fragments can reveal prefer-
ences (specificities) for binding to a particular site within the
substrates (e.g. here to a base mismatch within a CpG con-
text located at 46% of the DNA fragment length). Substrate-
binding specificities (S) of hTDG for its target site were
quantified from Gaussian fits to position distributions of
hTDG-DNA complexes as recently described (43,44). In
short, complex positions were determined as the distance
to the closer DNA fragment end normed to the full length
of the DNA substrate by placing contours along the DNA
backbone with Image J (NIH open-source software). We
included only DNA fragments within two standard devi-
ations (SD) from the center of a Gaussian fit to the DNA
length distributions (165 4= 24 nm) in the analyses (from all
experiments and a total of n = 1530 DNA strands). Posi-
tion distributions were plotted as histograms using the soft-
ware Origin Pro 8.5. Binding peaks of hTDG were observed
at 0 and 46% in the position distributions, which were as-
signed as binding preferences for DNA fragment ends and
for the position of the target lesion (located at 46% of DNA
fragment length, see above, DNA substrate preparation),
respectively. For quantitative analysis of binding specifici-
ties, we excluded DNA end-bound hTDG complexes from
the histograms starting at 5% of DNA length and fixing
the bin size (to 4%) for all individual experiments. Lesion
specificity for a target site results in a peak at the specific
site (~46% DNA length), which can be fitted with a sin-
gle Gaussian curve. Integration of the Gaussian peak area
(Aspec) provides the fraction of specific complexes. The frac-
tion of nonspecific complexes is represented by the nonspe-
cific area of the background (4y,) and is calculated as the
product of considered DNA length (45%) and the height of
the background from the Gaussian fit (yy). With N = 494
binding sites (excluding 2x 5% of DNA fragment length),
lesion specificity S is defined as (45):

S= Nx Aspec +1 (1)

nsp
All Gaussian widths were fixed to the width of the Gaus-
sian fit to the substrate with highest specificity (3.2%, for
hTDG-R275A with G:UY) to directly compare binding
specificities of hTDG variants for different DNA substrates.
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DNA substrate DNA sequence

Bottom strand
Original Top
G:U mismatch
G:U¥ mismatch
G:T mismatch
80x0G:C

2-AP G:UF
2-AP nonspecific
2-AP 80x0G:C
2-AP Counter 1
2-AP Counter 2

ATTIZQTMEHDOW»>

GGT CGA CTC TAG AGG ATC AGA TCT GGT ACC TCT AGA CTC GAG GCA TGC
GCA TGC CTC GAG TCT AGA GGT ACC AGA TCT GAT CCT CTA GAG TCG ACC
GCA TGC CT(dU) GAG TCT AGA GGT ACC AGA TCT GAT CCT CTA GAG TCG ACC
GCA TGC CT(dUF) GAG TCT AGA GGT ACC AGA TCT GAT CCT CTA GAG TCG ACC
GCA TGC CT(T) GAG TCT AGA GGT ACC AGA TCT GAT CCT CTA GAG TCG ACC
GCA TGC CTC (8-0x0-G)AG TCT AGA GGT ACC AGA TCT GAT CCT CTA GAG TCG ACC
ATG CAT GCC (2-AP)(dUF)G AGT CTA GAG G

AT GCA TGC C (2-AP)CG AGT CTA GAG G

AT G CA T GC C (2-AP)(80x0G)G AGT CTA GAG G

CCT CTA GAC TCG TGG CAT GCAT

CCT CTA GAC TCC TGG CAT GCA T

(A-F) DNA substrates for AFM experiments: only the 48 nt insert (C)—(F) is shown (see Materials and Methods). (B) shows the original sequence replaced
by (C-F). (G-K) DNA substrates for AP-2 fluorescence assays. Oligonucleotides G and H were annealed with J; I was annealed with K. The bases that

form a DNA mismatch or target site are indicated in brackets.

Specificities were calculated as average values from three in-
dividual experiments with SD derived from the variations
between single experiments. Position distributions were pro-
duced from pooled data from three individual experiments.

Based on the protein position distributions, we separated
specific hTDG-DNA complexes (bound at the target site
~46% =+ 2 SD) and nonspecific hTDG complexes bound
elsewhere on DNA for further DNA bend angle analy-
sis. DNA bend angles 8 are given as the deviation from a
straight line through the DNA backbone:

B =180 —«a )

We determined « by placing two lines along the DNA
backbone on each side of a protein complex by manual tan-
gent overlay using Image J. All bend angle distributions in
the presence of protein represent pooled data from three in-
dividual AFM experiments. Bend angle values for hTDG
and hOGG1-DNA complexes were derived as the maxima
of double or triple Gaussian fits to pooled bend angle distri-
butions, with errors given by the half-width of the Gaussian
(one SD). Pooled distributions were produced from three
experiments. To determine percentages of different bend an-
gle populations, we fixed all widths of Gaussian fits to the
same value and integrated resulting Gaussian peak areas us-
ing Origin Pro. For the AFM studies with hTDG, we were
able to focus on the catalytically inactive hTDG variant
NI140A in the main text as the mutant showed compara-
ble DNA bending behavior as the wt [e.g. on nonspecific
DNA bend angles of (31 & 12)° (39%) and (65 £ 12)° (61%)
for hTDG-N140A and (33 £ 11)° (46%) and (68 + 11)°
(54%) for hTDG wt, P = 0.478 using a one-tailed Student’s
t-test, Supplementary Figure S1]. Bend angle distributions
for nonspecifically bound complexes were derived from ex-
periments with DNA substrates that did not contain any
lesion sites. However, analyses carried out on nonspecifi-
cally bound complexes on G:U or G:T mismatch contain-
ing substrates showed comparable distributions (data not
shown). To avoid constraints on the measured DNA bend
angles, only complexes with no neighboring protein on the
same DNA or with distances of at least 50 nm to a further
bound protein complex were included in bend angle analy-
ses. AFM resolution limits do not enable separate distinc-
tion of two protein molecules bound within close distance
(<~30 bp or ~10 nm) from each other on the DNA. To

exclude the possibility of such closely bound molecules be-
ing mistaken for single complexes, we measured the volumes
of the protein-DNA peaks in the images for incubations
at low (25 nM) and high (2.5 wM) hTDG concentrations
(Supplementary Figure S2). AFM volumes can be trans-
lated into approximate protein molecular weight (MW) via
an empirically derived calibration curve (46). Our AFM sys-
tem has previously been calibrated using a set of proteins
with known MW (47), providing a linear relationship be-
tween protein MW and measured AFM volume (V): MW =
(V +5.9)/1.2. The resulting statistical volume distribution
of DNA-bound hTDG indicated that the majority of com-
plexes (>=80%) consists of only a single monomer of hyTDG
even at the high protein concentration of 2.5 uM (Supple-
mentary Figure S2).

To determine intrinsic bending of specific DNA sub-
strates (549 bp) in the absence of protein, we moved a
mask comparable to the size of the protein to 46% of DNA
fragment length corresponding to the position of the tar-
get site (see above, DNA substrate preparation) and mea-
sured DNA bending at this position as described above for
protein-induced DNA bend angles. All individual intrinsic
DNA bend angle distributions for the different DNA sub-
strates in the absence of protein represent pooled data from
two individual AFM experiments. We also measured intrin-
sic bending for 549 bp undamaged DNA substrates at this
position (46% of fragment length) to exclude any influence
of intrinsic DNA bending behavior due to sequence context
at the position itself (Supplementary Figure S3A). Further-
more, we measured intrinsic DNA bending of nonspecific
(undamaged) DNA fragments (1813 bp) (Supplementary
Figure S3B) at regular intervals of 50 nm by moving a mask
comparable to the size of the protein along DNA. The ex-
periments were carried out in duplicate. As both controls for
intrinsic DNA bending were very comparable [DNA bend
angles of (0 & 18) and (0 4 23)° for 549 bp and 1813 bp
substrates, respectively], we were able to pool these data to
collectively represent nonspecific DNA bending.

Fluorescence measurements

Nucleotide flipping activity of hTDG and hOGG1 was
monitored using a 2-AP fluorescence-based base flipping
assay. 2-AP is a fluorescent base analog of adenine and
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its fluorescence is highly quenched within a DNA duplex
due to stacking interactions with neighboring and comple-
mentary bases. Upon destacking of the DNA duplex struc-
ture by protein-induced destabilization or base flipping, 2-
AP fluorescence is expected to increase (22,48-50). 2-AP
containing oligonucleotides (Table 1, G-I) were purchased
from Midland Certified Reagent Company (Midland, TX,
USA) and annealed with complementary oligonucleotides
(Table 1, J and K) at equimolar concentrations. 2-AP was
incorporated in short DNA substrates (22 bp) either within
homoduplex DNA (Table 1, H/J) to follow flipping of non-
specific bases, or neighboring hTDG or hOGG1 target sites
(G:UF in a CpG context or 80x0G:C, Table 1, G/J and I/K,
respectively) to detect substrate-specific base flipping. Due
to the weak fluorescence signal of 2-AP, a DNA concen-
tration of at least 170 nM was needed to reach sufficient
fluorescence intensities as determined in concentration se-
ries prior to the experiments. To separate 2-AP fluorescence
from intrinsic protein (tryptophan and tyrosine) and DNA
fluorescence, we chose an excitation wavelength of Aex =
320 nm for our fluorescence assays. Steady-state fluores-
cence emission spectra (340-400 nm) were acquired with
a Fluoromax-4 fluorescence spectrometer (Horiba Jobin
Yvon) at excitation and emission bandwidths of 4 and 6 nm,
respectively. Fluorescence measurements were carried out
at room temperature (25°C) in hTDG binding buffer [0.02
M HEPES pH 7.0, 0.2 mM ethylenediaminetetraacetic acid
(EDTA), 2.5 mM MgCl,, 0.1 M NaCl] or hOGG1 bind-
ing buffer (50 mM Tris—HCI, pH 7.5, 50 mM KCI, 1 mM
EDTA, 1 mM DDT). Increasing amounts of concentrated
protein were titrated to DNA substrate (170 nM) to reach fi-
nal protein concentrations of 0.5, 1, 2, 3 and 5 uM in the re-
actions (0.5, 1 and 2 wM data not shown). The samples were
rapidly mixed and incubated for at least 5 min at room tem-
perature to ensure binding was at equilibrium. To maintain
constant DNA concentrations throughout the titrations, we
added the same amount of DNA substrates (170 nM) to
concentrated enzymes. Reference spectra were recorded for
the protein in the absence of 2-AP DNA (in the same buffer
solutions) that were subtracted from the emission spectra
in the presence of DNA to account for contributions to the
fluorescence spectra from the protein and/or buffer. All ex-
periments were performed in duplicates of individual titra-
tions.

For quantification of the protein-induced 2-AP fluores-
cence intensity change (Al,.ap), the maxima of the 2-AP
fluorescence intensity at Aey, = 373 nm were determined for
DNA in the absence (Io.appna) and in the presence of the
maximum applied protein concentration (I>.appNA+protein at
5 uM [protein]) for hTDG and hOGG]1. The relative 2-
AP fluorescence change Al sp induced by base flipping or
destabilization is given by:

Al_ap = Ib_AP,DNA+protein — I2—AP.DNA (3)

Fluorescence intensities were determined as averages
from two different titration experiments with SD derived
from the variation between experiments. The consistently
higher 2-AP fluorescence intensity changes observed for
hOGG1 compared to hTDG may in part be due to the dif-
ferent chemical environments for the two proteins; hOGG1
contains 10 tryptophans, while hTDG only has two. Fur-

thermore, when comparing fluorescence intensitics mea-
sured for the different DNA substrates (containing G:UF,
C:0x0G or G:C, underlined base 3’ of 2-AP, see Table 1),
it should be considered that 2-AP fluorescence is affected
by different sequence contexts (22). Fluorescence intensities
(Ir-appNa) of the different DNA substrates in the absence of
protein varied more prominently with the buffer (see above
for "\TDG and hOGG1 binding buffers). DNA fluorescence
intensities at 373 nm were measured as (1.8 +0.4)and (1.4 £
0.5) x 10° CPS for G:U" and nonspecific (G:C) substrates,
respectively, in hTDG binding buffer and (4.5 £+ 2.9) and
(2.7 £ 0.5) x 10° CPS for the C:0xoG and G:C substrates,
respectively, in hOGG1 binding buffer.

Statistical analysis of significances

Ratios of DNA bend angle states (% of total area under
Gaussian fits) and relative fluorescence intensity changes in
2-AP fluorescence-based base flipping assays were quantita-
tively compared for hTDG (wt and variants) and hOGGl1
with different DNA target substrates. To determine the level
of significance (*P < 0.05, **P < 0.01, ***P < 0.005) of
differences between these different scenarios, we used a one-
tailed Student’s ¢-test.

RESULTS

Distribution of hTDG on G:U and G:T mismatch containing
DNA

For our studies, we introduced a single target site for hTDG,
either a G:T or a G:U base mismatch in a CpG context, into
long DNA fragments (549 bp). Figure 1A shows a represen-
tative AFM image of the catalytically inactive hTDG vari-
ant N140A incubated with DNA substrate containing a sin-
gle G:U mismatch located at 46% of DNA fragment length
(compare Table 1 for DNA sequence). Statistical position
distributions of hTDG complexes on mismatch containing
DNA (Figure 1B and Supplementary Figure S4B, black
bars) can be fitted with a Gaussian curve (gray line) with
maximum at ~46% of DNA full length consistent with the
position of the mismatch, indicating a preference of \TDG
for target site binding over binding to nonspecific homod-
uplex DNA. From the Gaussian fits, we calculated moder-
ate hTDG specificities S of 163 4 47 and 305 £ 95 for the
G:U and G:T mismatch in a CpG context, respectively (Ta-
ble 2). Experiments carried out at higher protein concen-
tration (2.5 pM) for the G:T containing substrate gave very
comparable results (apart from slightly higher nonspecific
background binding, data not shown).

Due to local helix destabilization at DNA fragment ends,
hTDG also displays DNA end binding preference (compare
bar at 0% with ~0.18 fraction of counts with bar at 45%
with ~0.13 fraction of counts in Figure 1B). A propensity
to bind to DNA ends has also previously been observed for
the glycosylase AlkA as well as many other DNA repair
proteins (7,43,44,51,52).

Interestingly, volume analyses of the DNA-bound pro-
tein peaks showed that these complexes predominantly
(>80%) contained only a single monomer of hTDG (Sup-
plementary Figure S2). In contrast to some of the crystal
structures picturing a weak dimer of hTDG bound to DNA



Table 2. DNA target site specificities of h\TDG
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Protein DNA substrate AFM specificity S n
hTDG NI140A dsDNA G:U 163 + 47 371
hTDG NI140A dsDNA G:T 305 + 95 364
hTDG R275A dsDNA G:UF 358 + 101 375

Binding specificities (S) were determined from AFM data as means + SD from three experiments for each combination of protein variant and DNA

substrate.
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Figure 1. Specific complexes of hTDG at G:U lesion sites. (A) AFM image
of the catalytically inactive hTDG variant N140A on DNA substrate con-
taining a G:U mismatch positioned at 46% of the DNA fragment length.
Arrows point to specific TDG complexes bound at the target site (yel-
low) and nonspecific complexes bound elsewhere on homoduplex DNA
(white). The insert shows a higher magnification of a representative (spe-
cific) hTDG-DNA complex. (B) TDG binding position distribution on
DNA demonstrating a moderate binding preference for the G:U mismatch
over nonspecific DNA (enhanced occupancy at ~46% DNA length). Frac-
tional occupancies are plotted for ~22 bp long sections of the 549 bp DNA
substrate from DNA fragment ends (0%) to DNA center (50%). (C) Dis-
tribution of DNA bend angles induced by hTDG-N140A at G:U sites. A
double Gaussian fit (R> = 0.88) centered at (29 == 10) and (68 = 10)°. Bend
angles are binned at intervals of 8 bp. (D) Distribution of intrinsic DNA
bend angles at the G:U mismatch in the absence of protein revealed a sim-
ilar DNA bend angle of (30 & 8)° as in (C) in addition to a predominant
straight DNA conformation (0 & 8)°. Results were pooled from three indi-
vidual experiments (n = total number of data points) and are summarized
in Table 3.

(31,36,38), only a minor dimeric population was hence ob-
served in our images, for low protein concentrations such as
employed here (50 nM) as well as incubations at 2.5 pwM of
hTDG.

DNA bending and base flipping by hTDG upon lesion en-
counter

Specific and nonspecific h TDG-DNA complexes can be
distinguished based on their position on the DNA sub-
strates (specific site at 46% of the DNA length) and were
treated separately for further DNA bend angle analyses (see

Materials and Methods, AFM data analysis). Our AFM
data show comparable results for G:U and G:T mismatches
(Figure 1 and Supplementary Figure S4, P = 0.1437 not sig-
nificantly different, Table 3). In the following text, we will
hence mainly focus on specific complexes of hTDG at G:U
mismatch sites.

Measurements of DNA bend angles for hTDG-N140A
bound to G:U (lesion encounter complexes, Figure 1C and
Table 3) resulted in a distribution with two distinct popu-
lations. A double Gaussian fit to the distribution yielded
peaks centered at (29 & 10) and (68 £ 10)° (R> = 0.88).
Integration of the peak areas revealed that 33% of the com-
plexes are in the less bent state and 67% are in the stronger
bent state. Corresponding experiments with G:T mismatch
DNA resulted in bend angle populations of 42% with (26 +
15)° and 58% with (65 £+ 15)° bend angle (Supplementary
Figure S4C). Interestingly, the less bent state (~30°) was
also clearly found at the DNA mismatch sites in the absence
of protein (36 and 32% of total counts for G:U and G:T,
respectively), in addition to the straight DNA conforma-
tion (semi-Gaussian peak at 0°, Figure 1D and Supplemen-
tary Figure S4D) that is typically observed at undamaged
sites (43,53). This finding suggests that the G:U (and G:T)
mismatch itself induces an intrinsic bend of ~30° in the
DNA backbone (under the conditions of our experiments,
see below in Discussion), which also prevails in the spe-
cific, mismatch-bound complexes in equilibrium with the
stronger bent state (bend angle of ~70°).

We further studied DNA binding and bending by the
hTDG variant R275A (Figure 2). Crystal structures of
DNA-bound hTDG (to the abasic site analog THF and
to the noncleavable G:U analog G:UF) revealed that the
strictly conserved residue Arg”” is located at the tip of an
arginine finger (36,38). Based on these structural findings
and further pre-steady-state kinetics experiments, the argi-
nine finger had been implicated in promotion and/or sta-
bilization of nucleotide flipping in TDG by penetrating the
DNA minor groove and filling the void created by base ex-
trusion (40). Complex position analysis from our AFM im-
ages revealed a lesion specificity of hTDG-R275A for G:UF
comparable to (or even slightly higher than) the specificity
of the catalytically inactive h"TDG variant N140A for G:U
(S=1358 4+ 101 and S = 163 + 47, respectively, Figures 1B
and 2B and Table 2). AFM experiments in the absence of
protein showed intrinsic bending of the DNA at the site of
the G:UY mismatch by (33 & 12)° (Figure 2D), similar as
observed for the G:U mismatch (see above and Table 3).
Gaussian fits to the DNA bend angle distribution from
AFM images of hTDG-R275A lesion encounter complexes
bound to the G:UF target site (Figure 2C, Table 3) showed
an equilibrium between three states (~0, ~30 and ~70°). In
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Table 3. DNA bend angles of protein-DNA complexes (hnTDG, hOGG1) and intrinsic DNA bending in the absence of protein

Protein DNA substrate Straight [°] Slightly bent [°] Strongly bent [°] n
Protein-induced bending
hTDG wt Nsp DNA (1813 bp) NA 33 £ 11 (46%) 68 £+ 11 (54%) 442
hTDG N140A G:U NA 29 + 10 (33%) 68 £+ 10 (67%) 128
G:T NA 26 £ 15 (42%) 65 £ 15(58%) 155
Nsp DNA (549 bp) NA 31 £+ 12 (39%) 65 + 12 (61%) 247
hTDG R275A Nsp DNA (1813 bp) -2 £ 13 (57%) 34 + 13 (36%) 65 £+ 13 (7%) 424
G:UF 0 £ 12 (45%) 37 £+ 12 (40%) 66 + 12 (15%) 215
hOGG1 wt Nsp DNA (1813 bp) 0 + 9 (44%) 33 £ 9(20%) 70 £ 9 (36%) 450
Intrinsic DNA bending
none Nsp DNA (549 bp) 0+ 18 NA NA 209
none Nsp DNA (1813 bp) 0+ 23 NA NA 260
none Nsp DNA (549 bp and 0+ 21 NA NA 469
1813 bp pooled)
none G:U mismatch 0 + 8(64%) 30 £+ 8(36%) NA 241
none G:UF mismatch -2 + 12 (63%) 33 £+ 12 (37%) NA 198
none G:T mismatch 0 + 9 (68%) 31 £ 9(32%) NA 228
none 80x0G:C -2 £ 15 (78%) 36 £ 15(22%) NA 181

Depending on DNA bending (~0, ~30 and ~70°), complexes are classed as ‘straight’, ‘slightly bent’ or ‘strongly bent’. The given values represent the
maxima of single, double or triple Gaussian fits to pooled bend angle distributions. The different degree of population of the different bend angle states is
given in brackets as % of total area from integration of the Gaussian peaks. The total number of data points is indicated as n. NA = not applicable.
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Figure 2. Specific complexes of hTDG-R275A at G:UY lesion sites. (A)
AFM image of hTDG-R275A on DNA substrate containing a G:UF mis-
match at 46% of DNA fragment length. Arrows point to specific hTDG-
R275A-DNA complexes bound to the target site (yellow) and nonspecific
complexes (white). (B) A Gaussian fit to the A TDG-R275A binding posi-
tion distributions on G:UY DNA revealed a lesion specificity of S = (358
=+ 101). (C) Distribution of DNA bend angles induced by hTDG-R275A
at G:UF sites. A triple Gaussian fit (R? = 0.89) centered at (0 & 12), (37 +
12) and (66 + 12)°. (D) Distribution of intrinsic DNA bend angles at the
G:UY mismatch in the absence of protein revealed a similar slightly bent
state (33 & 12)° as in (C) and a predominant linear state (2 £+ 12)°. Results
were pooled from three individual experiments (r = total data points) and
are summarized in Table 3.
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Figure 3. Base flipping activities of TDG. Increasing concentrations of
(A) hTDG wt and (B) hTDG-R275A were titrated to 170 nM 2-AP DNA
substrates. Steady-state fluorescence emission spectra (340-400 nm) were
recorded at Aex = 320 nm. The inset in (A) shows a schematic of the 2-AP
(2, cyan) DNA substrate containing G:UF (yellow). (C) Quantification of
2-AP fluorescence intensity increases in (A) and (B) in the presence of 5
M protein. Results were derived from two individual titrations. The error
bars indicate the SD. Significance is classed as *P < 0.05.

striking contrast to N140A, the percentage of kinked pro-
tein complexes (with a bend angle of ~70°) is significantly
reduced for R275A (67% for N140A at G:U versus 15% for
R275A at G:UF, P =0.0005, Figures 1C and 2C and Table
3).

Furthermore, we placed 2-AP as a fluorescent probe next
to G:UF to investigate specific DNA target site interac-
tions of h"TDG and monitor base flipping (Figure 3). As de-
scribed in previous studies, the fluorescence of this adenine
analog can be used to monitor unstacking of a neighbor-
ing base from the DNA, in our case unstacking of the mis-
matched uracil (22,49,50). In titrations with hTDG wt, the
2-AP fluorescence intensity increases with increasing [TDG]
(Figure 3A), consistent with the expectation that uracil flips
out of the duplex and into the TDG active site. At the high-
est TDG concentration examined, we measured a signif-
icant increase in 2-AP fluorescence compared to the free
DNA (P = 0.032, left bar in Figure 3C, see Methods and
Supplementary Table S1). In contrast, binding of R275A-
TDG to G:UY DNA does not result in a substantial increase



in 2-AP fluorescence (significantly lower fluorescence than
for the wt protein: P = 0.0466, Figure 3B and 3C, and Sup-
plementary Table S1), suggesting a lower degree of uracil
flipping for the R275A variant. This result is in accordance
with the decreased population of strongly bent R275A com-
plexes observed in our AFM data.

Nonspecific complexes of hTDG on homoduplex DNA

After characterizing specific TDG complexes bound at tar-
get sites of the glycosylase, we incubated hTDG with un-
damaged DNA fragments to analyze nonspecific complexes
of the DNA repair protein during lesion search (Figure 4).
Remarkably, the DNA bend angle distributions of these
nonspecific complexes of hTDG-N140A (Figure 4B) re-
vealed the same bend angle states as observed for hTDG-
N140A bound specifically at a mismatch with bend angle
populations centered at ~30 and ~70° (Figure 1C, Supple-
mentary Figure S4C, and Table 3). DNA bend angle mea-
surements for " TDG-R275A on nonspecific (nondamaged)
DNA displayed a triphasic distribution as described above
for specific, lesion-bound R275A (Figure 2C), with a pre-
dominant peak at ~0°, a large population at ~30° and an
almost negligible population at ~70° (Figure 4B, Table 3).
Interestingly, the percentage of complexes with an average
bend angle of ~30° was similar for nonspecific complexes
as for lesion encounter complexes bound at a G:U®) mis-
match, for the N140A as well as the R275A hTDG vari-
ant (39 and 36% at nonspecific sites versus 33 and 40%
at G:U®), Table 3), although the nondamaged DNA itself
showed no intrinsic bending in control experiments in the
absence of protein (Figure 4D).

Results from 2-AP base flipping assays revealed a signif-
icant fluorescence increase for nonspecific 2-AP containing
DNA in the presence of increasing concentrations of hTDG
wt (P = 0.0002 for 5 wM [hTDG], Figure 4E and Sup-
plementary Table S1). In contrast, and consistent with our
AFM results, incubation with hTDG-R275A (Figure 4F)
induced no significant increase in 2-AP fluorescence (P =
0.356). hTDG-R275A showed significantly reduced activ-
ity compared to the wt protein (P = 0.0029, compare gray
and blue bars in Figure 4G, Supplementary Table S1).

DISCUSSION

hTDG recognizes G:U and G:T target sites with moderate
specificity

We addressed the key question of how DNA glycosylases
such as hTDG go about finding their target sites (a G:U or
G:T base mispair in a CpG context) in the huge excess of
undamaged bases. Notably, the long DNA fragments used
for our AFM experiments represent better mimics of the
naturally occurring DNA substrates than the short oligonu-
cleotides typically used in biochemical ensemble methods
(42,43). However, in addition to the specific target site lo-
cated within hundreds of nonspecific bases, these DNA sub-
strates also contain several additional CpG sites (14% of
total bases) spread over the entire DNA sequence. hTDG
has been reported to bind to CpG sites in DNA with only
4-fold lower affinity and to random homoduplex DNA se-
quences with only 16-fold reduced affinity compared to its
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G:T target sites (39). The moderate degree of specificity of
TDG for its target sites observed from our AFM exper-
iments (S ~ 150-300, see Table 2) is hence likely due to
nonspecific background binding at the applied protein con-
centration (50 nM) and the 20-fold excess of protein over
specific binding sites in our experiments. Importantly, our
AFM data show a distinct preference of TDG for its target
lesions (G:T, G:U and its analog G:UF) over an excess of
undamaged DNA.

hTDG exploits intrinsic flexibility at base mismatches in le-
sion search and recognition

To characterize TDG target sites in DNA (G:T, G:U, and
its analog G:UY), we used AFM-based DNA bend angle
analyses. In the absence of protein, the DNA was intrinsi-
cally bent by ~30° at these base mismatch sites (Figures 1D
and 2D and Supplementary Figure S4D). It is worth not-
ing that in our AFM experiments, intrinsic bending at dif-
ferent, specific DNA sites may be somewhat promoted by
the surface deposition process. However, our data still re-
flect the degree of destabilization at these mismatches and
clearly demonstrate a propensity of the DNA to bend at
these lesion sites, because bending is not observed for non-
specific DNA [nor for other lesion types tested (43)]. These
findings are also in accordance with computational simula-
tions, which show that G:T and G:U wobble pairs are ki-
netically less stable than canonical base pairs and are more
prone to spontaneous base pair breathing (15,17,18,54,55).
Glycosylases may hence have adapted to exploit these open
(flipped) base configurations, stabilizing them to achieve a
specific conformation required for lesion detection and re-
moval. We will refer to this scenario as passive bending (Fig-
ure 5). Due to its higher flexibility, damaged DNA is also
more prone to protein-induced DNA distortion or bend-
ing (active bending, see Figure 5), which has been shown
to reduce the energetic barrier for enzymatic base flipping
(13,56).

The same slightly bent state observed at G:U and G:T
DNA mismatches in the absence of protein (bend angle of
~30°) is also observed in the protein complexes bound at
the mismatch sites (Figure 1C and Supplementary Figure
S4C). Our data hence suggest that this bend angle state rep-
resents a complex of TDG adapted to the naturally pre-
bent (or more flexible) DNA structure. Interestingly, a high
fraction of these slightly bent hTDG complexes (with a
bend angle of ~30°) is also present during damage search
on nonspecific DNA (Figure 4B), which (in contrast to
the mismatch sites) shows no intrinsic DNA bending (Fig-
ure 4D). hTDG binding may hence impose this degree of
DNA bending on undamaged DNA as part of an initial
lesion-sensing mechanism. We will refer to this conforma-
tion (bend angle of ~30°) as the lesion search complex (SC,
blue circles in model Figure 5) prior to damage recognition.
Bending of nonspecific DNA would induce strain on the
nucleotides (active bending, Figure 5). In contrast, at its
target sites, hTDG would simply stabilize the (‘pre-bent’)
structure of the mispairs, which would require little or no
energy for bending (passive bending, Figure 5). The ener-
getic cost of DNA bending may serve as an initial target
site-sensing mechanism by hTDG. Our findings hence sug-
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Figure 5. hTDG damage search model. Our proposed model for DNA le-
sion search and recognition by glycosylases involves three different types of
TDG-DNA complexes: search complex (SC), interrogation complex (IC)
and excision complex (EC). In the model, the glycosylase scans the DNA
for intrinsically flexible sites, switching between an SC and an IC state.
While homoduplex DNA is actively bent in the conformation of the SC
(arrows indicate applied force), TDG target sites G:T and G:U form wob-
ble base pairs (blue star) that display enhanced flexibility or intrinsic pre-
bending that matches the conformation in the SC complex (passive bend-
ing). The energetic cost for DNA bending may hence serve as an initial
damage-sensing mechanism that may result in a longer residence time of
the glycosylase at a potential target site. In the IC, the enzyme probes base
pairs via exertion of additional force on the DNA (e.g. phosphate pinching,
arrows), resulting in a more strongly bent DNA structure. Protein-DNA
interactions in the IC conformation may expedite spontaneous base flip-
ping (question marks in figure) and stabilize the extrahelical base (for TDG
e.g. Arg??). Correct target bases (or mismatched pairs) are then identified
in the catalytic pocket of the glycosylase in the EC conformation and catal-
ysis of base excision can occur.

gest the search conformation to be dictated by the intrinsic
structure of the target substrate.

The degree of bending observed for the SC of hTDG in
our AFM experiments correlates well with the degree of
DNA bending measured from crystal structures. The struc-
tures of hTDG bound to an abasic site analog (product
complex) (38) and to G:UF (lesion recognition complex)
(36) contain a second subunit of hTDG that is bound to un-
damaged DNA and interacts with the specific complex via
a weak dimer interface. Notably, in these nonspecific com-
plexes, the DNA phosphate backbone is not pinched by the
glycosylase and the nucleotide is not flipped into the active
site (36,38). The DNA bound by the nonspecific complex is
bent by ~25° in the structures, consistent with the degree
of bending observed in our AFM studies and with the idea
that the bending exerted on nonspecific DNA substrates is
dictated by a preformed DNA binding surface of hTDG.

The strictly conserved residues Arg?” and Asn'*’ of
hTDG have been previously proposed to be involved in nu-
cleotide flipping and base excision, respectively (40). In our
experiments, both hTDG variants N140A and R275A are
able to recognize a G:U'™) or G:T mismatch similarly well
as the wt protein (Figures 1B and 2B, Supplementary Fig-
ure S4B and Table 2) indicating that neither Asn'* nor
Arg?”? is absolutely required for initial damage recognition
by hTDG. During lesion search on nonspecific DNA, the
population of the slightly bent DNA state (~30° bend an-
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gle) in both variants is also completely comparable to that
in the wt protein. Our data hence suggest a model (Fig-
ure 5), which includes an initial damage-sensing step for
TDG prior to base flipping and excision (represented by the
slightly bent TDG-DNA structures), based on recognition
of intrinsic structural properties of the target sites.

hTDG continuously interrogates DNA during lesion search

Final target identification by hTDG as well as excision
requires extrahelical base flipping. Crystal structures of
hTDG (catalytic domain) bound to different target sites
show the interrogated base flipped into the protein’s active
site pocket and the DNA strongly kinked with a bend angle
of ~45° (31,36-38). The damaged base is stabilized by ac-
tive site residues, leading to an enhanced residence time of
the correct (target) DNA substrate in the catalytic pocket,
which results in a higher probability for base excision.

In our AFM analyses, we observed a strongly bent DNA
population (with a DNA bend angle of ~70°) in addition
to the slightly bent one (~30°) discussed above (Figures
1C and 4B and Supplementary Figure S4C). The strongly
bent DNA conformation is induced by hTDG because it
was not displayed by our negative controls of DNA (with
or without a specific mismatch site) in the absence of pro-
tein. We interpret this strongly bent conformation as due to
‘phosphate pinching’ as seen in the hTDG-DNA co-crystal
structures (31,36-38) and will refer to it as the lesion inter-
rogation complex (IC, yellow circles Figure 5). Significantly
reduced population of the ~70° state in AFM experiments
(Figures 2C and 4C) and reduced base destabilization activ-
ity in fluorescence assays for the R275A variant of hTDG
(Figures 3B, C and 4F, G) support this interpretation. These
findings are also consistent with the proposed essential role
of Arg?” in base flipping and stabilization of the ‘phosphate
pinch’ from crystal structures (38,40). It is worth noting that
the DNA bending phenotype of hTDG-R275A in the AFM
studies and its lack of base flipping activity suggested by
the 2-AP fluorescence assays is not due to impaired DNA
substrate binding activity of the Arg variant, because DNA
binding affinities were found to be only slightly (< 3-fold)
reduced for hTDG-R275A versus hTDG wt (39,40) (and
unpublished data).

DNA bending conceivably leads to a destabilization of
the interrogated base pair, consistent with an increase in 2-
AP fluorescence in our base flipping assays. Base destabi-
lization by DNA bending in the IC may serve to lower the
energy barrier for spontaneous base flipping, which is then
stabilized by protein—-DNA interactions. Interestingly, the
relative population of the strongly bent complex conforma-
tion in our experiments was slightly lower for hTDG bound
to G:T versus G:U mismatch sites (58% for G:T, 67% for
G:U), consistent with previous findings that flipping of T is
hindered relative to U flipping (36). While the IC popula-
tions were similar (< 1.2-fold different) for nonspecific and
specific complexes in our AFM studies, the base flipping as-
says showed an almost 2-fold enhanced fluorescence inten-
sity for G:UF versus nonspecific DNA. This small discrep-
ancy may be an indication of (spontaneous) thermal base
flipping being specifically enhanced in lesion-bound ICs by
the protein-induced DNA bending. Although further stud-
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ies are clearly required for a more detailed interpretation,
crystal structures also showed that the formation of the spe-
cific protein contacts to the guanine base opposite the target
mismatch, which may serve to further stabilize only the cor-
rect target lesion in the catalytic pocket, requires prior base
flipping (38). Base flipping (whether actively induced by the
enzyme or brought about in a semi- or fully-passive man-
ner) is hence a direct precursor step toward the conforma-
tions observed for the lesion recognition complex in crystal
structures.

The bend angle observed in the crystal structures at a le-
sion site (~45°) is clearly smaller than the ~70° bend angle
that we measure from AFM analyses. However, in contrast
to our studies, all available crystal structures of hTDG-
DNA complexes are not of the full-length protein, but of
a shortened catalytic domain construct that lacks the N-
and C-terminal regions of hTDG (residues 1-110 and 309—
410) (31,36-38). The N-terminal domain enhances binding
and repair of G:T sites by hTDG (57,58). Since base flip-
ping into the enzyme’s active site is destabilized for T com-
pared to U (36), formation of the catalytically active com-
plex with a G:T mismatch may profit from additional sup-
port and stabilization by DNA interactions from residues in
the N-terminal protein domain. Interestingly, comparison
of the bending seen in our studies and in the crystal struc-
tures of the isolated catalytic core domain indicates that the
N-terminal domain of h"TDG may not be necessary for non-
specific binding during lesion search (comparable bending
of nonspecific SC), but contribute significantly to the con-
formation of the specific IC complex with a target site, likely
for stabilization.

Importantly, in our AFM studies, the strongly bent state
(~70° bend angle) was clearly present and similarly popu-
lated in nonspecific complexes of TDG with homoduplex
DNA as in the specific TDG-lesion complexes. Significant
increase in 2-AP fluorescence in our base flipping assays
further supports destabilization of nonspecific DNA bases
by TDG during lesion search (Figure 4E and G). The fact
that both SC and IC are present both at nonspecific and
at specific DNA sites strongly suggests a constant DNA in-
terrogation process by TDG as the protein scans the DNA
in search of a target site. Continuous switching between an
SC and IC conformation is reminiscent of the equilibrium
between an open and a closed state of DNA-bound UDG
reported by J. Stivers laboratory (24) (resembling a ‘phos-
phate pinching’ motion) and consistent with the frequent
pausing of other glycosylases observed in dynamic single
molecule studies by S. Wallace’s laboratory (28).

Comparison of different glycosylases reveals general lesion
search approaches

The idea that DNA repair proteins detect enhanced DNA
flexibility caused by weakened base stacking at potential
DNA lesions to reduce the task of finding their target sites
by several orders of magnitude is highly appealing and has
been put forward repeatedly (59-61). Our data provide sup-
port for this attractive theory, showing that TDG binding
stabilizes DNA structural features that pre-exist at target
sites. In the TDG complexes with nonspecific DNA (during
lesion search), this ‘pre-bent’ DNA structure with a minor

bend angle of ~30° (which we interpret as the SC state of the
glycosylase) is present in equilibrium with a more strongly
kinked (~70° bend angle) DNA state (which we interpret
as the IC complex with the interrogated base destabilized
and/or flipped out of the DNA double helix). To test the
generality of our initial damage detection and continuous
base interrogation model (Figure 5), we compare our re-
sults for TDG with those obtained on other glycosylases.
In particular, we have performed identical studies on the
well characterized human 8-oxoguanine DNA glycosylase
(hOGG1) as a reference (Supplementary Figure S5). The
two proteins hTDG and hOGGI detect base lesions with
significantly different base pairing energies. hTDG targets
intrinsically flexible G:U and G:T wobble pairs that result in
slightly bent structures in our AFM images (Figure 1D and
Supplementary Figure S4D). In contrast, hOGG1 excises 8-
oxoguanine (0x0G), which forms stable Watson—Crick like
base pairs with cytosine (18,62) that lack intrinsic DNA
bending and show straight conformations in AFM images
in the absence of protein (Supplementary Figure S5).

In the presence of hOGG1, AFM experiments on non-
specific DNA showed an equilibrium between a straight
DNA conformation (SC, matching the bend angle state of
the unbound target site) and a kinked complex with bend
angle of ~70° (IC) (Supplementary Figure S5), as also pre-
viously observed (21). These results are in line with the re-
quirement for DNA flexibility (resulting in the kinked com-
plex) for DNA repair activity by hOGG1 observed from
high speed AFM experiments (63). The same DNA bend
angle of ~70° was also observed in co-crystallographic
studies of hOGG1 bound to its flipped target site 8oxoG:C
(64) or bound to a nonspecific base with the base flipped
into an exosite in close proximity to the enzyme’s active site
pocket (65). Our 2-AP base flipping assays also suggested
considerable stabilization of the flipped out base by hOGG1
both at an oxoG target site and at nonspecific homoduplex
sites in the DNA substrates from large fluorescence inten-
sity increases (Supplementary Figure S5). Importantly, in
our AFM studies (Figures 1 and 4, and Supplementary Fig-
ure S5), the bend angle conformations of the ICs of "\TDG
and hOGGTH closely resemble each other (DNA bend an-
gle of ~70° for both proteins), consistent with a compara-
ble degree of DNA bending in a number of crystal struc-
tures of different DNA glycosylases bound specifically to
their flipped targets (51,64,66-69). In contrast, the degree
of DNA bending in the SC, which is difficult to capture
by crystallographic studies due to its transient nature, dif-
fers between the two proteins: SCs of hOGG1 are predomi-
nantly straight, while those of hTDG are slightly bent. This
difference between the two glycosylases in DNA bending in
the SC is consistent with the innate conformations observed
for their unbound target sites (Figure 1 and Supplementary
Figures S4 and S5).

In our model (Figure 5), three distinct steps control cor-
rect target site identification by DNA glycosylases and min-
imize futile base investigation: initial damage sensing in the
SC, base flipping in the IC and target identification in the
protein’s active site pocket in the excision complex (EC).
The correlation between SC and target site conformation
observed for TDG and hOGGI1 in our studies may reflect
an adaptation of DNA glycosylase structures to the native



DNA structure and flexibility at their target lesions. Such
sculpting based on structural and mechanical features of
the target site presents an exciting theory for a common
initial target recognition strategy of DNA glycosylases, but
clearly requires further investigations. Initial damage sens-
ing (based on the SC conformation) would likely pause
DNA scanning at a potential target site, consistent with our
AFM position distributions for hTDG and the preferential
binding of MutM to A:T sites (rather than G:C) that are
energetically closer to the target site (0xoG) of the enzyme
(70). Diffusion constants measured for individual DNA gly-
cosylase molecules from single molecule data with nonspe-
cific DNA proved much too large to allow for sufficient time
at a target site during scanning for the enzyme to capture a
spontaneously flipped base (in a passive base flipping mech-
anism) (6). In line with this, enhanced pausing has been di-
rectly observed in single molecule DNA tightrope exper-
iments for different DNA glycosylases in the presence of
target sites in the DNA (28). Pausing may hence serve to
enhance the time spent by the enzyme at a potential target
site and thus to increase the probability for the residence
time of the protein to coincide with (multiple events of)
spontaneous, thermally induced base flipping. A passive(-
uni) base flipping mechanism, in which the enzyme traps
a base that is spontancously emerging from dsDNA while
the enzyme is already bound at the site has previously been
put forward by J. Stivers and colleagues for the glycosy-
lase UNG (25), which is structurally related to TDG. Our
model suggests a semi-passive mechanism, in which paus-
ing at potential target sites allows for the sampling of base
flipping, which occurs spontancously but is also energeti-
cally enhanced as well as stabilized by protein—-DNA inter-
actions (such as phosphate pinching and DNA intercala-
tion). Consistent with this notion, active glycosylase-DNA
interactions have been demonstrated to enhance the open-
ing equilibrium of DNA in kinetic analyses (26,27,71) and
faster overall diffusion (i.e. reduced pausing) was observed
for glycosylase variants lacking a wedge that intercalates
into the DNA and buckles potential target base pairs (28). It
is conceivable that an additional energetic contribution, for
instance from protein-induced DNA bending, be fine-tuned
in the different glycosylases to match the specific require-
ments for base flipping in their particular target base pairs
and under the conditions of their particular organism. Once
flipped extrahelically, the target base (as well as, in the case
of TDG, the opposing base) is then stabilized by protein—
DNA interactions in a catalytic EC conformation, in which
a steric fit of the fully flipped base into the enzyme’s active
site pocket is the final step in target site identification.

CONCLUSION

To understand the poorly characterized processes of dam-
age search before base extrusion by BER glycosylases, we
studied damage detection of TDG by single molecule AFM
imaging. Our results support an equilibrium between SC
(slightly bent DNA structure) and IC (strongly bent DNA)
states during TDG’s DNA lesion scanning process, suggest-
ing continuous testing for target sites in lesion search. Im-
portantly, our data suggest that hTDG may exploit the in-
trinsic flexibility of its target mismatch sites as an initial
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recognition criterion leading to paused scanning and tar-
get site interrogation. Strong DNA bending in the IC (con-
sistent with phosphate pinching seen in crystal structures)
likely reduces the stability of the interrogated base pair, in-
creasing the probability for spontaneous base flipping in a
semi-passive base flipping mechanism. Our AFM and fluo-
rescence base flipping data indicate an important role of an
arginine finger in hTDG for the stabilization of the bent (IC)
conformation. The extrahelical base is then stabilized in the
catalytic site by protein—~DNA interactions leading to base
excision. Our data add significant information to previous
findings on other glycosylases toward a better understand-
ing of the complex potentially common strategy for target
search and recognition by BER glycosylases.
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