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ABSTRACT

Thymine DNA glycosylase (TDG) is a DNA repair en-
zyme that excises a variety of mismatched or dam-
aged nucleotides (nts), e.g. dU, dT, 5fC and 5caC.
TDG is shown to play essential roles in maintain-
ing genome integrity and correctly programming epi-
genetic modifications through DNA demethylation.
After locating the lesions, TDG employs a base-
flipping strategy to recognize the damaged nucle-
obases, whereby the interrogated nt is extruded from
the DNA helical stack and binds into the TDG active
site. The dynamic mechanism of the base-flipping
process at an atomistic resolution, however, remains
elusive. Here, we employ the Markov State Model
(MSM) constructed from extensive all-atom molecu-
lar dynamics (MD) simulations to reveal the complete
base-flipping process for a G.T mispair at a tens of
microsecond timescale. Our studies identify critical
intermediates of the mispaired dT during its extru-
sion process and reveal the key TDG residues in-
volved in the inter-state transitions. Notably, we find
an active role of TDG in promoting the intrahelical nt
eversion, sculpturing the DNA backbone, and pene-
trating into the DNA minor groove. Three additional
TDG substrates, namely dU, 5fC, and 5caC, are fur-
ther tested to evaluate the substituent effects of vari-
ous chemical modifications of the pyrimidine ring on
base-flipping dynamics.

INTRODUCTION

Human genome is constantly under detrimental threats
from cytotoxic and mutagenic DNA damages (1). Efficient
corrections of these DNA lesions are therefore critical for

maintaining genome integrity and preventing premature ag-
ing and cancer (2). The DNA damages caused by base oxi-
dation, deamination and alkylation can be restored by base
excision repair (BER) pathways (3-6). Thymine DNA gly-
cosylase (TDG), as one member of the uracil DNA gly-
cosylase (UNG) superfamily (7), is involved in the first-
line defense to excise a variety of DNA lesions through the
BER pathway. TDG recognizes the T-G and U-G mispairs
caused by deamination of cytosine and 5-methylcytosine
(5mC). In addition, TDG also excises several chemically
damaged bases through an active DNA demethylation
process, e.g. S-formylcytosine (5fC) and 5-carboxycytosine
(5caC) generated by ten-eleven-translocation (Tet) proteins
(8-10). These epigenetic modifications performed by TDG
are critical for programming embryonic development in
mice (11-18).

TDG adopts a universal base-flipping strategy to extrude
the damaged nt from the DNA helical stack and recognize
the flipped base through the active site residues (see Figure
1A), as also characterized in other DNA repair/modify en-
zymes (19-21). The base-flipping of DNA nt is involved in
a number of critical biological processes, including epige-
netic control of gene expression and DNA repair etc., and
thus subjects to extensive experimental (22-26) and com-
putational investigations (27-30). The spontaneous base-
flipping from naked DNA duplex has been studied using
imino proton exchange assay or fluorescence probes (e.g. 2-
aminopurine or 2-AP). The estimated lifetime of an intrahe-
lical A-T pair ranges from a few to tens of milliseconds (ms)
depending on its varied locations in DNA and the sequence
context (26,31,32), whereas for the G-C pair the intrahelical
lifetime is significantly increased. In addition, the presence
of the T-G mispair can promote the base-flipping process
comparing to the canonical DNA with an intrahelical life-
time ~1 ms (33). Moreover, free energy calculations have
been performed to investigate the base-flipping mechanisms
for both canonical and damaged DNA. A qualitative agree-

*To whom correspondence should be addressed. Tel: +86 21 34207348; Email: darlt@sjtu.edu.cn
Present address: Lin-Tai Da, Key Laboratory of Systems Biomedicine (Ministry of Education), Shanghai Center for Systems Biomedicine, Shanghai JiaoTong

University, 800 Dongchuan Road, Shanghai 200240, China.

© The Author(s) 2018. 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 Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com



A mismatched ‘
TDG TDG
. Nsars 6\ DNA bending \
Lesion searching Base flipping
IC RC
B C
el Tyrl52 {
- ()" '
- ; Asn191 "

r'—f.,—'l/// >

59 ] {0 an 3

: & : Arg275\<% -~

N4 W T’L «%’
F~_ IC RC

Figure 1. (A) A schematic illustration of the base-flipping process exerted
by TDG during DNA repair. The lesion searching is initiated by protein-
DNA interaction to form the Interrogation Complex (IC), followed by
penetration of an intercalated residue Arg275 of TDG into the DNA mi-
nor groove, which results in formation of the Recognition Complex (RC).
(B) The modeled structure of the IC with the key motifs highlighted in a
zoomed-in image, in which the T-G mispair is colored in green/magenta,
and the TDG active site residues Tyr152 and Asnl91 are shown in gray
sticks; the intercalation loop (Ser271-Arg281) is highlighted in blue and
the intercalated residue Arg275 is shown in blue sticks; the gating region
(Ile136 to Phel59) is shown in cyan. (C) The minimized structure of the
RC with the mismatched dT nt flipped into the TDG active site.

ment has been reached suggesting that C and T exhibit com-
parable flipping energetics along either the minor or ma-
jor groove, while the major groove path is more favored for
larger purine bases (29,34-36). For damaged DNA nts, on
the other hand, such as uracil in U-G and thymine in T-G,
they have a considerable lower flipping barrier than that of
their canonical counterparts (30,37,38), which likely facili-
tates the repair proteins to rapidly locate the lesions.

It can be expected that the DNA-binding proteins would
have profound influences on the base-flipping dynamics
by altering the flipping energetics and DNA structures.
In particular, what strategies the DNA glycosylases use
to search for and interrogate the DNA lesions have been
a focus of many structural (21,39-42), biochemical (43—
49), NMR (23) and single-molecule spectroscopic studies
(47,50-55). One of the most extensively studied DNA gly-
cosylase is uracil DNA glycosylase (UDG), which is struc-
turally related to TDG (56,57). The former NMR studies
suggest that UDG captures the damaged bases in a pas-
sive scenario whereby the extrahelical bases emerge spon-
taneously by thermal motions of DNA chains as UDG is
searching for the lesions (23,58), while an active role of
UDG has also been proposed by other biochemical stud-
ies (46,48). In addition, single-molecule investigations on
bacterial formamidopyrimidine-DNA glycosylase (Fpg or
MutM) that corrects the 8-oxoguanine(oxoG)-C damage in-
dicate an active interrogation of the damaged bases through
a key intercalation loop of MutM (47,51). Their results are
supported by several crystal structures of the MutM-DNA
complex in which an oxoG or normal G base is trapped
in diverse forms, from intrahelical (39,59,60), partially (61)
to fully extruded states (60,62). Likewise, both bacterial 3-
methyladenine (3mA) glycosylase (AlkA) and MutY ade-
nine DNA glycosylase that specifically excise 3mA and A
(from A-0x0G lesion), respectively, have been trapped tar-
geting to an intrahelical base pair (bp), in complex with
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either undamaged (for AlkA) (63) or damaged DNA (for
MutY) (40). Taken together, the above static structures of
different glycosylases suggest an active role of the enzyme in
promoting the base extrusion initiated from an intrahelical
state. Moreover, for the Hhal cytosine-5 methyltransferase
(M.Hhal), both isotope labeling assay and free energy cal-
culations indicate an active role of the protein in extruding
the cytosine via the major groove (27,64,65).

Comparing to the above systems, limited experimental
studies have been conducted for TDG regarding its lesion-
searching and substrate recognition mechanisms. Recently,
by employing atomic force microscopy (AFM) and fluores-
cence assay (66), Buechner er al. demonstrate that regard-
less of the specific or non-specific DNA chains, the TDG
binding can trap DNA in two major conformations, with
DNA bending angle of ~30° and ~60°, respectively. The
former is considered as a searching complex (SC) in which
the DNA conformation adopts an innate structure of naked
DNA prior to TDG binding. The latter is a RC, a predom-
inate state in the presence of TDG. Comparison of these
two states suggests an active role of TDG in sculpting the
DNA backbone (66). Moreover, site-directed mutagenesis
and biochemical studies performed by A.C. Drohat and his
coworkers also shed lights on the critical roles of several
TDG residues (e.g. Arg275, Alal45, and Asnl91) in sub-
strate recognition and/or enzymatic catalysis, and provide
structural basis for the TDG specificity (67-72).

Furthermore, crystallographic studies have brought
about structural insights into the mechanisms of target in-
terrogation and recognition for TDG (69,73-77). Based on
one recently resolved RC structure where the mispaired
DNA nt s flipped into the TDG active site (74), the interro-
gations of the flipped bases can be pictured as consecutive
motions of the enzyme exerted on DNA. As a result, TDG
is shown to bend the DNA chains and compress the DNA
backbone, giving rise to a DNA bending angle of ~40° (see
Figure 1C for the minimized structure). The above ‘phos-
phate pinch’ is thought to facilitate the base-flipping process
(21,76). Meanwhile, the residue Arg275 from an intercala-
tion loop can penetrate into the void space left by the flipped
nt, which potentially prevents the extrahelical base from re-
turning back to DNA helix. On the other hand, Maiti ez al.
captured one TDG conformation bound to an undamaged
DNA, viewed as an interrogation complex (IC) in which
the inspected nt adopts an intrahelical state and Arg275 lies
within the minor groove (76). Notably, the DNA bending
angle in the above IC is ~25°, which is smaller comparing
to that of the RC (74). Taken together, in line with the previ-
ous AFM work (66), the cryptographic observations seem
to support an active role of TDG in sculpturing the DNA
structure.

Although the previous experimental studies have pro-
vided profound insights into the structural basis of TDG
associated with its biological function, the atomistic-level
revelation of the base-flipping dynamics initiated from an
intrahelical state to a completely flipped state remains un-
known and experimental characterization of the above pro-
cess is still challenging due to limited spatiotemporal reso-
lutions. In this work, by constructing a Markov State Model
(MSM) based on extensive all-atom molecular dynamics
(MD) simulations accumulated to ~30 microseconds (j.s),
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we reveal the dynamics of the complete base-flipping pro-
cess for the T-G mispair in the presence of TDG, and pro-
vide atomistic-level details of how TDG sculpts the DNA
structure, i.e. bending the DNA backbone, penetrating and
widening the DNA groove. Moreover, additional MD sim-
ulations were performed for naked DNA aiming to reveal
the specific role of TDG in recognizing the lesions, thereby
an active role of TDG in promoting the base-flipping pro-
cess is proposed. Finally, we extended our studies to other
TDG substrates (including dU, 5fC and 5caC) in order to
comparatively investigate the dynamics of the base-flipping
process for different target nts with varied chemical modifi-
cations.

MATERIALS AND METHODS

Modeling the IC and RC of the TDG-DNA system bearing
one T-G mispair

We constructed the RC based on one crystal structure of
the TDG-DNA complex containing 24 DNA bps with one
flipped 2’-fluoroarabino analogue of dU (pdb ID: 5hf7)
(74). We replaced the Fluorine atom with H atom and added
one methyl group on the 5-site of the pyrimidine ring of
the flipped nt. This final model of RC was then subjected
to energy minimization to relieve local steric clashes (see
Figure 1C). Next, to model the IC, we first extracted the
double-stranded DNA chains from the above RC and mod-
eled an intrahelical T-G-containing DNA duplex (see the
Supplementary Figure S1A for the energy minimized DNA
structure). Next, starting from the above naked DNA con-
formation, we performed one 7-ns MD simulation to relax
the DNA backbone by constraining two ends of the DNA
chains (see below for the details of the MD setup). The
last snapshot of the above MD trajectory was then used for
modeling the IC (see the Supplementary Figure SIA). That
is, the TDG conformation from the crystal structure Shf7
was directly modeled to the above obtained DNA confor-
mation by superimposing the two ends of the DNA back-
bone. Since the intercalation loop from the above TDG
conformation is in an penetrated form, we then adopted
the intercalation loop from another crystal structure of
TDG (residues Ser273 to Arg281 from PDB structure 2rba)
bound to a non-specific DNA and transplanted the loop
conformation to the above TDG-DNA model (see Supple-
mentary Figure S1A). Finally, we minimized the final com-
plex energetically (see Figure 1B). Based on the above IC
and RC, we next performed TMD simulations to obtain ini-
tial base-flipping pathways.

Notably, we did not use the complete TDG structure
from 2rba because the TDG in 5hf7 was solved using
a longer protein construct containing 29 additional N-
terminal residues (TDG??3%) compared to the TDG from
2rba (TDG!"'3%8) (see Supplementary Figure S2). These
additional N-terminal residues have been shown to increase
the substrate binding affinity and also TDG activity (74).
Therefore, the TDG from 5hf7 resembles more to the full-
length TDG than the TDG from 2rba. In addition, Shf7
was solved at a higher resolution (1.54 A) than 2rba (2.79
A) using improved crystallization methods, which can pro-
vide more accurate side-chain locations and interaction
networks between TDG and DNA /waters. Moreover, the

binding interfaces between TDG and DNA are also quite
different between 5Shf7 and 2rba. In the former, the TDG
can form more direct contacts with the DNA backbones,
e.g. through five positively charged residues, namely Lys240,
Lys246, Lys232, Arg275, and Argl10 (see Supplementary
Figure S3B), compared to that in 2rba in which only one
of the above contacts is present (see Supplementary Figure
S3A). Taken together, 5hf7 provides more information re-
garding the TDG-DNA binding interfaces and also gives a
more complete and accurate 3D structure of TDG.

Obtaining initial base-flipping pathways using TMD simula-
tions

Based on the above IC and RC, we performed TMD to de-
rive initial base-flipping pathways for the mispaired dT nt
by constraining the backbone P atoms of two DNA ends
using a force constant of 500 kcal/mol/A2 (see Supple-
mentary Figure S4A). All the TMD simulations were per-
formed using AMBER package (78). The amber force field
99SB with PARMBSCO correction was used to describe
the TDG-DNA system (79-82). After comparing the struc-
tures of IC and RC, we can see that not only the DNA
backbones needed to be morphed, but the TDG structure
also requires a conformational change in order to ensure the
overall TDG-DNA complex can be well fitted to RC after
TMD simulation (see Supplementary Figure S5). Therefore,
the targeting regions were selected as several discontinuous
regions, including 16 P atoms of several DNA nts locating at
the middle part of the DNA chain; the heavy atoms of the
mispaired dT nt and one of its adjacent dA nt; the heavy
atoms of the intercalated residue Arg275; the C, atoms of
the TDG residue from Cys276 to Glu303 (see Supplemen-
tary Figure S4A). The modeled IC was served as the start-
ing conformation and was targeted to the RC within 100 ps
TMD simulations using a pulling force constant of 1 and 5
kcal/mol/A2, respectively. The TMD simulations captured
a base- ﬂlpplng pathways along the minor groove (see Sup-
plementary Figure S6A), and resulted in a well convergence
of the TDG-DNA structure to the targeted RC, with the rel-
ative RMSD values all <2 A for the regions of DNA back-
bones, Arg275 and all TDG C, atoms (see Supplementary
Figure S6B-C).

In addition, to examine how varied targeting regions
might affect the TMD results, we designed three additional
TMD setups (see Supplementary Figure S7A): (i) all the
above chosen nucleic acids atoms, and no TDG atoms was
used (setup A); (ii) the selected atoms in setup A plus the
heavy atoms of the key intercalated residue Arg275 (setup
B); (iii) the selected atoms in setup B plus all TDG C,
atoms (setup C). For each setup, we used two different
force constants to perform the TMD simulations (1 and
5 kcal/mol/A2). The TMD results indeed show that the
base-flipping follows two paths for different TMD setups. In
setup A, the major-groove path is favored while the minor-
groove path is dominant for the other two TMD setups
(see Supplementary Figure S7B). Nevertheless, in setup A,
since we did not choose any TDG atoms, the final TMD
conformation deviates significantly from the targeted RC
with the relative RMSD values >4 A for both R275 and
TDG C, atoms (see Supplementary Figure S8B). In con-



trast, inclusion of the R275 into the targeting regions sub-
stantially drives the TDG structure much closer to the RC
(see Supplementary Figure S§B). Likewise, in setup C, the
final TMD structure demonstrates nearly the same TDG—
DNA conformation as the targeted RC (with RSMD dif-
ference <0.5 A, see Supplementary Figure S§B). In short,
the TDG structure apparently has profound impacts on the
base-flipping pathways. It is also noteworthy that the in-
tercalated residue Arg275 plays a critical role in the base-
flipping process, as evidenced by former experimental stud-
ies (70), therefore, Arg275 is indispensable for the TMD
simulations.

Taken together, the original TMD setup has provided
reasonable base-flipping pathways. We thus performed
three parallel TMD simulations using a force constant of 5
kcal/mol/AZ. Each trajectory was initiated with randomly
generated velocities and was saved at a time interval of 1
ps. The obtained three base-flipping pathways resemble to
each other very well and the final snapshot from each TMD
trajectory only has a RMSD difference of ~0.5 A to the
RC for the targeting regions (see the Supplementary Fig-
ure S4B). Finally, in addition to the minimized IC and RC,
we extracted 50 conformations from one of the above three
TMD simulations at an equal time interval of 2 ps. We thus
collected 52 TDG-DNA complexes along the base-flipping
pathway, which served as the input structures for the subse-
quent unbiased MD simulations.

Shooting unbiased MD simulations

We totally conducted two rounds of MD simulations. In the
first round, we performed 20 ns MD simulations starting
from each of the above 52 selected TDG-DNA complexes
(see Supplementary Figure S9A). All the MD simulations
were performed using Gromacs-4.6 package (83-85), and
the AMBER99sb force field with PARMBSCO corrections
for nucleic acid were employed to describe the TDG-DNA
system (79-82). The TDG-DNA complex was centered in
a triclinic box filled with 17283 SPC water molecules (86).
98 Na* and 49 CI~ were added in the water box by randomly
replacing the solvent waters to neutralize the system and
ensure an ionic concentration of 0.15 M. The final system
contains 56935 atoms. The cutoff distance for the Van der
Waals and short-range electrostatic interactions were set to
12 A. The long-range electrostatic interactions were treated
using the Particle-Mesh Ewald (PME) summation method
(87). The LINCS algorithm was used to constrain all the
chemical bonds (88). For each configuration, the steepest
decent method was employed to minimize the structure, fol-
lowed by a 500 ps restrained NVT MD simulations by con-
straining all the heavy atoms of the system. Then, the sys-
tem temperature was gradually increased from 50 K to 310
K within 200 ps and kept at 310 K using the velocity rescal-
ing thermostat (89). Finally, the whole system was subject
to 20 ns NVT MD simulations at 310 K.

Moreover, after projecting the MD conformations onto
the same two reactions coordinates as used in the main text
Figure 5D (see below), a clear conformational gap exists
between the intrahelical and extrahelical state regions (see
Supplementary Figure S9B), suggesting that the chosen 52
conformations from the TMD simulations were not suffi-
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cient to cover the complete base-flipping path. Therefore,
to enhance the samplings around the above gap regions,
we chose 36 extra conformations from one of the above
52 trajectories and performed additional 20-ns MD sim-
ulations for each conformation (see the circled region in
Supplementary Figure S9B). As shown in Supplementary
Figure S9B, these additional MD simulations substantially
improved the samplings along the base-flipping pathways.
Therefore, in the first round, we collected a total of 88 20-
ns MD trajectories. Since the first round of MD simula-
tions were initiated from the TMD simulations with exter-
nal forces exerted on the system, we then performed the sec-
ond round of MD simulations to eliminate the introduced
energy biases. To select the input structures for the second
round of MD simulations, for each of the 1st-round 88 MD
trajectories, we discarded all the conformations of the first
10 ns simulation dataset and only kept the last 10 ns MD
conformations.

Then, we performed geometric clustering for the above
truncated first-round MD dataset (a total of 1000 x 88 =
88, 000 MD snapshots) by firstly decomposing the high-
dimensional configurations onto low-dimensional space
using the time-structure independent component analysis
(tICA) implemented in the MSMbuilder-3.3 package (90—
93). tICA is shown to be able to efficiently capture the
slowest dynamics for certain conformational changes of
biomolecules and has become a popular tool for high-
dimensional decomposition when constructing the MSM
(94-98). Here, we chose 1014 distance pairs between the fol-
lowing atoms as the metrics for the tICA (see Supplemen-
tary Figure S10A):

e Heavy base atoms of the mispaired dT nt — Heavy base
atoms of the opposed dG nt

e Heavy base atoms of the mispaired dT nt — C, atoms of
the TDG residues Ser271 to Arg281

e Heavy base atoms of the mispaired dT nt — C, atoms of
the TDG residues ILE136 to Phel59

e Heavy base atoms of the mispaired dT nt — C, atoms of
the TDG residues Gly188 to 11e203

e Heavy base atoms of the mispaired dT nt — heavy side-
chain atoms of the residue Tyr152

e Heavy base atoms of the mispaired dT nt — heavy side-
chain atoms of the residue Asn191

e Heavy base atoms of the mispaired dT nt — heavy side-
chain atoms of the residue Arg275

e Heavy base atoms of the opposed dG nt — C, atoms of
the TDG residues Ser271 to Arg281

e Heavy base atoms of the opposed dG nt — heavy side-
chain atoms of the residue Arg275

e Heavy side-chain atoms of the residue Arg275 — C,
atoms of the TDG residues Thr197 to 11e203

e Heavy side-chain atoms of the residue Arg275 — C,
atoms of the TDG residues Tyr152 to Phel59

Next, by constructing a time-lagged correlation matrix,
we obtained the top four slowest tICs, onto which each MD
conformation was then projected. Next, based on the above
low-dimensional dataset, we classified the projected confor-
mations into 100 clusters using the K-centers algorithm im-
plemented in the MSMbuilder package, and chose the cen-
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ter conformation for each cluster as the representative struc-
ture (94,99). We then conducted the second-round MD sim-
ulations by running three parallel 100-ns MD simulations
starting from each of the above 100 center conformations
with different initial velocities (in total of 300 100-ns MD
trajectories). In order to construct a connected transition
probability matrix, we deleted 15 of the above 300 MD tra-
jectories. Finally, we collected a total of 285 100-ns MD tra-
jectories with an aggregated simulations time of ~30 s for
the subsequent MSM construction.

MSM construction and validation

MSM discretizes the phase space into many metastable
states, i.e. based on the geometric differences, so that within
each state the transitions among different conformations
are relatively faster than the inter-state transitions (97,99—
104). One can first construct the transition probability ma-
trix T (TPM) in which each entry 7} represents the transi-
tion probability of microstate i to microstate j after a certain
lag-time 7. The chosen lag-time T should be long enough
so that no internal barrier exists between conformations
within each microstate. Therefore, each transition after the
time T from any state will only depend on the current state
but not the states visited before (a Markovian property). In
this way, one can evolve the states using the following equa-
tion to a long timescale dynamics of interest:

P(nAt) = [T(AL)]"P(0)

where the P(0) is the state distributions at time 0 and the
P(nAvt) is the state distributions after time of nAz. The sta-
tionary distributions of each state and the kinetic informa-
tion for each state-to-state transition can be calculated by
solving the eigen-functions of the T. In addition, the implied
timescale can be calculated using the following equation:

% = ~"/in pi(r)

where the 7 is the lag time used to construct the TPM, p is
the kth eigenvalue of T. The implied timescale curves can be
plotted against different T values. One can then determine
the markovian time At after which the implied timescale
curves start to level off. The kinetic information, i.e. the
transition time between two sets of conformations, can be
readily deduced from the implied timescale curves, thereby
the timescale for the slowest transitions can be estimated.

Here, we adopted a splitting and lumping procedure to
construct the MSM. We first decomposed all the MD con-
formations into various numbers of microstates using the
same decomposition methods as described above (tICA
dimension reduction followed by K-centers clustering, see
Supplementary Figure S10A). Next, to visualize the key in-
termediate states involved in the base-flipping process, we
further lumped one of the MSMs at the microstate level into
a six-state kinetic model using the PCCA+ algorithm (105).
The detailed procedure is described below.

Splitting the M D conformations into various numbers of mi-
crostates. We evaluated the discretization effects on the ki-
netic properties by constructing several MSMs using differ-
ent correlation lag-time for tICA and different number of

microstates. In specific, we performed tICA at three differ-
ent correlation lag-time: 20, 30, and 40 ns, and under each
lag-time, we grouped the MD conformations into 500, 600,
700, and 800 microstates, respectively. For each case (a total
of 12 sets of parameter) we constructed a MSM and cal-
culated the corresponding implied timescales. The results
show that the slowest timescale all converges at ~100 s, in-
dicating the model is robust to the choices of different num-
ber of microstates and correlation lag-times (see Supple-
mentary Figure S11). Finally, to reveal the key intermediate
states during the base-flipping process, we further lumped
the 500-state MSM built at the correlation lag-time of 20
ns into 6-state kinetic model using the PCCA+ algorithm
(105).

Convergence test of the MSM using different simulations
datasets. In order to prove that our MD simulations are
sufficient to construct a reliable MSM, we evaluated the
convergence of the MSM by choosing different subsets from
the complete simulations dataset. In specific, we extracted
six subsets of the complete dataset with different accumu-
lated simulation times by truncating each MD simulation
into varied lengths, namely 14 ps (50 ns x 285), 17 ws (60
ns x 285), 20 ws (70 ns x 285), 23 ws (80 ns x 2895), 26
s (90 ns x 285) and 29 ws (100 ns x 285), respectively.
Then, for each subset data, we decomposed the confor-
mations into 500 microstates using the K-centers cluster-
ing method, and constructed a 500-state MSM. To exam
whether the sampling is converged or not, we projected
the MD conformations from each subset onto the same
top two tICs. As shown in Supplementary Figure S12, all
datasets demonstrate similar free energy landscapes and no
extra metastable state appears while increasing the simula-
tion time, indicating that the current MD simulations are
well enough to explore the major intermediate states of the
flipped nt. Next, to ensure that the kinetics is also con-
verged, we plotted the implied timescale curves for each
above subset data. The results clearly suggest that the slow-
est dynamics involved in the base-flipping process all con-
verge to a timescale of ~100 ws (see Supplementary Figure
S13), indicating that our model is well constructed and ca-
pable of extracting reliable kinetic information.

Calculations of the mean first passage time ( MFPT) and
the stationary distributions. To extract both the thermo-
dynamic and kinetic properties from the MSM, we built a
long Monte Carlo (MC) simulations based on the 500-state
MSM through a random walk starting from any microstate,
and we randomly chose a number within 0-1 and then de-
termined the next transition at a time step of 20 ns according
to the corresponding transition probability from the TPM.
We finally built a 10 ms long MC trajectory, which is long
enough to equilibrate all metastable states, thereby the sta-
tionary distributions and the MFPT can be readily calcu-
lated. In order to estimate the standard errors, we adopt a
bootstrapping strategy to randomly select 285 trajectories
from the original trajectory list 100 times (with replacement
and duplication). Then, for each bootstrapping, a new MC
trajectory was generated and the corresponding thermody-
namic and kinetic properties were calculated. Finally, by av-



eraging over all the 100 bootstrappings, we calculated the
means and the corresponding standard errors.

MD setup for naked DNA duplex

To construct the IC, we extracted the DNA duplex from
the above RC and modeled an intrahelical T-G-containing
DNA duplex (see the Supplementary Figure S1A for the
energy minimized DNA structure). Then, the above naked
DNA conformation was solvated in the SPC water box and
54 Na+ ions were added to neutralize the nucleic acid. The
AMBER99sb force field with PARMBSCO corrections was
used to describe the DNA. The final structure was subjected
to energy minimization using the steepest decent method,
followed by 200-ps restrained M D simulation by constrain-
ing all the heavy atoms of nucleic acid. Then, after increas-
ing the temperature from 50 to 310 K within 200 ps, we per-
formed a 7-ns MD simulation to relax the DNA backbones
with the two DNA ends constrained.

On the other hand, to evaluate the role of the TDG in
stabilizing the partially flipped nt, we randomly chose five
TDG-DNA complexes from the S2 state obtained by the
MSM. S2 was selected because we proposed that the S2
state was the first checkpoint for the TDG residue Arg275
to recognize the flipped base by forming the cation-m inter-
actions. From each of the above 5 candidates, we removed
the TDG and only kept the DNA chains for the subsequent
MD simulations. For each naked DNA conformation, we
performed one unbiased 100-ns NVT MD simulation at
310K using the same MD setup as described above. In the
end, the last 50-ns simulation data for each MD trajectory
was used for the final analysis.

MD setup for comparative investigations on different TDG
substrates

In addition to the dT nt that is the main focus of the current
work, we further extended our studies to three other TDG
substrates, namely dU, 5fC and 5caC. Based on our MSM,
the entry of the flipped dT nt into the TDG active site oc-
curs in the S4— S5 transition, which also limits the base ev-
ersion dynamics (from S1 to S5). We thus chose the S4— S5
transition as a checkpoint to comparatively evaluate kinetic
properties of the base-flipping dynamics for different nts.
In specific, based on the tICA projection (see Figure 2A),
we randomly selected seven conformations of the TDG-
DNA complex from the TS region for the S4—S5 tran-
sition (see the circled area in Supplementary Figure S14).
Next, to model the complexes for different bps for each of
above seven conformations, we replaced the T-G mispair
with U-G, 5fC-G and 5caC-G bp, respectively. Finally, start-
ing from each modeled complex, we solvated the structure
in the SPC water box and added appropriate number of Na*
and Cl~ ions to keep the ionic strength at 0.15 M. The am-
ber force fields of three TDG substrates, including dU, 5fC
and 5caC, were generated based on the corresponding am-
ber parameters of dT and dC nts. The complete model was
then subject to the energy minimization using the steepest
decent method, followed by 200-ps restrained MD simula-
tion by constraining all the heavy atoms of the solute (pro-
tein and nucleic acid). We finally performed 100-ns unbiased
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NVT MD simulation at 310 K after increasing the temper-
ature from 50 to 310 K within 200 ps. For each of the col-
lected MD trajectories (in total of 28), we kept the last 50-ns
simulation data for the final analysis.

RESULTS

Structural features of the IC and RC for the TDG-DNA sys-
tem

To study the complete base-flipping process for the T-G mis-
pair, we firstly constructed two TDG-DNA complexes con-
taining one extrahelical (fully flipped) or intrahelical T-G
mispair, namely RC and IC, respectively. The RC was di-
rectly built from one recently resolved crystal structure of
the TDG-DNA complex (pdb ID: 5hf7, see Figure 1C). The
IC was built by firstly constructing a DNA duplex contain-
ing one wobbled T-G bp based on the above RC, followed
by modeling the TDG-DNA complex based on one TDG
conformation bound to non-specific DNA (pdb ID: 2rba,
see Figure 1B, Supplementary Figure S1A, and the Materi-
als and Methods section for more details of the model con-
struction). Finally, the modeled IC and RC were subjected
to energy minimization to relieve the steric clashes.
Comparisons of the above minimized RC and IC demon-
strate major structural differences in the intercalation loop
region (Ser271-Arg281) and DNA shape. In IC, the in-
tercalated residue Arg275 is lying along the DNA minor
groove and forms electrostatic interactions with the mis-
paired dT backbone P-O~ (see Figure 1B). The intraheli-
cal T-G mispair does not form a perfect wobble bp in this
minimized structure, nevertheless, a restored wobble struc-
ture can be observed from the following unbiased MD sim-
ulations (see next section). On the other hand, for RC, the
mispaired dT nt is extruded into the TDG active site, and
the intercalated residue Arg275 is penetrated into the void
space in DNA generated by the flipped nt (see Figure 1C).
Several motifs from TDG, including the intercalation loop
(Ser271-Arg281), Pro-rich loop (Tyr152-Asn157), Gly—Lys
loop (Gly231-Lys232) and water-activating loop (Leul39-
Gly142), contribute to compress the DNA backbone. In ad-
dition, the penetration of the Arg275 into the DNA heli-
cal stack leads to an increase of the minor groove widths
of the T-G mispair and its adjacent bp from 8.4 to 12.2 A
and 7.0 to 10.1 A, respectively (see Supplementary Figure
S1B). Moreover, the roll angle between the two bps adja-
cent to the mismatched site increases from ~9° to ~40° af-
ter the Arg275 penetration, suggesting a severe bending of
the DNA backbone exerted by TDG. Finally, the IC and
RC were employed as the starting structures for the subse-
quent Targeted MD (TMD) to obtain initial base-flipping
pathways. All three parallel TMD simulations indicate that
the minor groove is the dominant base extrusion pathway.
We then performed extensive unbiased MD simulations to
construct the MSM (see Materials and Methods section for
more details of the TMD setup and MSM construction).

Complete base-flipping dynamics in TDG—-DNA complex re-
vealed by MSM

By constructing the MSM from extensive MD trajectories
(accumulated simulations time of ~30 ws), we reveal the



5416 Nucleic Acids Research, 2018, Vol. 46, No. 11

B
o 2
= i ‘L
=] g
= ™
~ N
=
o~y
H ‘1‘
-10 -05 00 05 10 15 i
1st tIC N

<« <« <«

25.9us38.6 8.9us27.0 8.5us16.4
- 7 _
yC~/NG57 &) , yis2 4
P N15Zf~ T
) / ’\acuz
R275 [
R275 d 1 - : 4
SN a1 A ,
dG T
dG
S1 S2 S3
Y152 Y153~y Yasg ), 3BT
r_'\f’ ’/, .“\,, 1 _.V\’
$272 "5‘1’;—9 ‘1139 1139
—S ‘S d 'l.{ it
P198
i S4 S5 S6

Figure 2. The MSM captures six metastable states during the base-flipping process of mispaired dT nt. (A) Free energy projections of all the MD con-
formations onto the two slowest tICs, the location of each macrostate is labeled (from S1 to S6). (B) A scatter plot with each MD conformation mapped
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Several key hydrogen bonds are highlighted with dashed lines. Refer to Figure 1 for other representations.

complete base-flipping dynamics of the mismatched dT nt
from the IC to RC at an atomistic detail. The MSM reveals
six metastable states of the dT nt during its base-eversion
process, namely S1-S6 states (see Figure 2A and B). Among
which, the S1 and S6 states correspond to the IC and RC,
respectively. In S1, the T-G mispair forms a wobble bp and
the intercalated residue Arg275 resides within the DNA mi-
nor groove by forming direct electrostatic interactions with
the mispaired dT backbone P-O~ (see Figures 2C and 3B).
In contrast, in S6, the dT nt is fully extruded from the DNA
duplex and reaches into the TDG active site (see Figure
2C). In addition, the intercalated residue Arg275 penetrates
into the DNA minor groove and forms direct contacts with
the backbones of the flipped nt and its two neighboring

DNA nts (see Figure 4B). In addition, the Arg275 forms
one hydrogen bond (HB) with the Pro198 backbone C=0,
which locks the DNA chain in a completely flipped con-
formation (see Figure 2C). On the other hand, the flipped
thymine forms several polar contacts with the TDG residues
directly (i.e. Asn191 and Ile139) or through bridging waters
(i.e. His151), and forms nonpolar contacts with the residues
Tyr151 and Alal45 (see Figure 3B).

In addition to S1 and S6, four additional metastable
states are clearly identified in the MSM, namely S2-S5
(see Figure 2A and B). Using the transition path theory
(106,107), we find the dominant base-flipping path follows
S1—S2—S3—S84—S5—S6 (see Figure 2B). The S1 state
initiates the base-flipping process by firstly transiting to the
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S2 state where the dT nt unstacks with its adjacent bases and
forms cation-m interactions with the TDG residue Arg275
(see Figure 3A and B). This newly discovered interaction
suggests a potential role of the intercalated residue Arg275
in recognizing and stabilizing the partially flipped nt in the
early base-flipping process. In addition, the thymine can
form HBs with the residues Ser273 and Cys276 from the
intercalation loop (see Figure 3B). The further transition
of the dT nt from S2 to S3 results in forming - stack-
ing with the residue Tyr152 and two additional HBs with
residues Asnl157 and Gly142 through its O4 and O2 atoms
(see Figures 2C and 3). Notably, the subsequent transi-
tion of the dT nt from S3 to S4 can establish the first na-
tive contact observed in RC, namely the HB between the
thymine O2 atom and Ile139 backbone N-H (see Figure
3B). Moreover, the thymine O4 atom forms HB with the
side-chain of TDG residue Ser272, and the w—m stacking
between the thymine and Tyr152 in S3 switches to a T-shape
stacking in S4 (see Figure 3B). Interestingly, the S4—S5
transition of the dT nt can restore the m—m stacking be-
tween the thymine and Tyr152 by inserting into the TDG
active site and form most of the native contacts with the
residues Asnl91, Alal45, Tyrl52, and Ile139, as observed
in RC. Notably, up to S5, the residue Arg275 remains out
of the penetration site and lies in the DNA minor groove
by forming polar contacts with the DNA backbone P-O~.
The complete invasion of the intercalation loop into the mi-
nor groove is accomplished after the S5— S6 transition (see
Figure 2C), resulting in forming stable interactions with the
residue Pro198 backbone C=0 and DNA backbone P-O~
groups (see Figure 4A-C).

Taken together, the overall base-flipping process exerted
by TDG consists of two separate conformational changes:
one is eversion of the mispaired dT nt during the S1—S5
transitions, the other is penetration of the intercalated
residue Arg275 into the DNA minor groove during the
S5—S6 transition. Consistently, the first tIC, represent-
ing the slowest dynamics component, exhibits the largest
positive correlation with the distance changes between the
flipped dT O2 atom and the C, atom of the active site
residue Gly138, and negatively correlates with the distance
between two respective atoms from the mispaired dT and
opposing dG (see Supplementary Figure S3B), which pro-
vide two potential reaction coordinates to describe the com-
plete base-flipping process. Furthermore, the above two
distances have the largest correlations with the first tIC
comparing to other tICs (see Supplementary Figure S15),
confirming that the changes of the above two distances
are indeed tightly coupled with the slowest conformational
changes.

Our MSM demonstrates that the overall base-flipping dy-
namics takes place at tens to hundreds of ps during which
the penetration of the residue Arg275 into the helical stack
is the rate-limiting step, occurring at ~26 s, comparing to
the <10 ws dynamics in other transitions (see Figure 2B).
The rationale for the above slow dynamics is likely due to
the energy penalties cost by desolvation of Arg275 prior
to the penetration and the side-chain twisting of Arg275
restrained by the narrow space of the DNA helical stack.
Importantly, penetration of Arg275 into the minor groove
gives rise to a significant increase of the minor groove width
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boxes for S1 (in gray) and S2 (in pink). (C) Four points, namely P1-P4, are
used to define the pseudodihedral for the base-flipping process. P1 is the
center of mass (COM) of the two base pairs adjacent to the mismatched bp
(in orange); P2 and P3 are the COMs of two phosphate groups connecting
to the flipped base, respectively; P4 is the COM of the six-member pyrim-
idine ring of the flipped nt. (D) Free energy profile of the MD conforma-
tions projected onto two reaction coordinates: the pseudodihedral defined
in (C) and the COM distance between the dT nt (O2 and N3 atoms) and
its opposite dG nt (N1 and O6 atoms). The corresponding values calcu-
lated for the naked DNA conformations from the 3 ws straigtfoward MD
trajectory are plotted in black dots.

by ~2 A at the mispaired site and its adjacent bp (see Figure
4D and E). Meanwhile, the TDG exerts a severe DNA bend-
ing with the roll angle changed from ~18° in S1 to ~28°
in S6 (see Figure 4F), suggesting an active role of TDG in
sculpturing the DNA structures.

TDG stabilizes the partially flipped nt at the early stage of
the base-flipping

As described before, the intercalated residue Arg275 is
shown to directly interact with the partially flipped dT nt in
S2 by forming a cation—r recognition (see Figure 3B). In or-
der to further exam the specific role of Arg275 and more im-
portantly, to reveal whether the recognition on the partially
flipped dT by TDG actively drives further base flipping dy-
namics, we performed additional MD simulations for the
naked DNA duplex (without TDG binding) starting from
the DNA conformations derived from the S2 state. Note
that the input structures are not chosen from the S1 state
because the dynamics of the spontaneous base flipping from
an intrahelical state (S1) is a relatively slow process (ms or
longer) such that it is impossible to be directly observed us-
ing regular MD simulations (24,33). Instead, we randomly
chose five TDG-DNA complexes from the S2 state with
an attempt to see and compare how the partially flipped nt

would behave in the presence and absence of TDG (see Fig-
ure 5A). Based on each selected TDG-DNA conformation,
we then performed one 100 ns MD simulations for both
TDG-DNA complex and the corresponding naked DNA
conformation (in total of ten 100-ns MD trajectories), and
kept the last 50 ns conformations of each MD trajectory for
the final analyses.

Our results indicate that in the presence of TDG, the par-
tially flipped dT nt can be stabilized in an extrahelical form,
and most of the MD conformations are structurally sim-
ilar to the S2 state, exhibiting a relative RMSD value of
~7 A comparing to the S1 state (see Figure 5B). Strikingly,
some MD conformations move even further away from the
S1 state, with the relative RMSD value reaching up to 15
A. In sharp contrast, after removing the TDG, the halfway
flipped base can quickly retract to the DNA helix stack in
all the sampled DNA conformations, which resembles the
S1 state with a relative RMSD difference of ~2.5 A (see
Figure 5B), suggesting that the extrahelical dT nt in naked
DNA is unstable and prone to return back to the DNA
helix. Thus, the above results suggest that the intercalated
residue Arg275 is critical to stabilize the partially flipped nt
in the S2 state, which in turn, actively facilitates the subse-
quent base eversion.

As noted above, direct observation of the spontaneous
base-flipping using computation simulations is still chal-
lenging due to the relatively slow dynamics (24). Despite of
the difficulties, we performed one 3 s straightforward long-
time MD simulation for the naked DNA duplex extracted
from the IC. As expected, the T-G mispair remains within
the DNA duplex during the whole simulation time, as indi-
cated from the calculated distance between the T-G mispair
as well as the pseudodihedral angle for the base-flipping as
defined in former studies (24,108) (see Figure 5C). In spe-
cific, the COM distance between the dT nt (O2 and N3
atoms) and its opposite dG nt (N1 and O6 atoms) is ~3 £ 1
A, and the pseudodihedral for the flipped dT ntis ~19 + 7°
(see Figure SD). Therefore, the naked DNA conformations
sampled from the 3 ws MD simulation all reside within the
S1 state rather than the flipped or partially flipped state that
have the corresponding distance >7 A and the pseudodihe-
dral less than —50° (see Figure 5D). Moreover, the roll angle
between the two bps adjacent to the mismatched site is ~18
+ 8°, which is also very close to the value observed in the
S1 state from the MSM (see Figure 4F). Taken together, the
simulation for the naked DNA conformation suggests that
the T-G mispair remains in an intrahelical state within the
3 ps period, and the mispaired DNA region adopts a bent
conformation that can be potentially recognized by TDG,
as also suggested by recent AFM studies (66).

Comparisons of base-flipping dynamics for different TDG
substrates

In addition to the dT nt, TDG is also capable of excis-
ing several other damaged bases, such as dU, 5fC and
ScaC (8,71,72). To probe the base-flipping mechanisms for
these three alternative TDG substrates, we conducted ad-
ditional MD simulations for a comparative study. To con-
struct the initial models for varied nts, from the T-G simu-
lation dataset, we firstly selected seven random TDG-DNA



conformations near the transition state (TS) between the
S4 and S5 states (see Figure 2A and Supplementary Fig-
ure S14). It is noteworthy that the S4— S5 transition is not
only the final step of the base-flipping motion of the dT
nt, but also the slowest step compared to other base ex-
trusion transitions (see Figure 2B). Therefore, the TS for
the S4— S5 transition serves as an appropriate checkpoint
to evaluate the flipping mechanisms for different target nts.
Then, we designed three additional damaged bps, namely
U-G, 5fC-G, and 5caC-G, while replaced the original T-G
bp with each of these bps. Finally, starting from each of the
seven TS conformations for each above bp system, we per-
formed one 100 ns MD simulations and collected a total
of 28 (4 x 7 conformations) 100-ns MD trajectories for the
final analyses.

The results show that, for the T-G system, the TDG-
DNA structure adopts two major states, one locates around
the TS region and the other remains at the S4 state, with a
relative RMSD value of ~2.3 and 4 A, respectively, com-
paring to one completely flipped reference structure (see
Figure 6A). One conformation chosen at the RMSD value
of ~2.3 A clearly shows that the dT nt is not fully flipped
into the TDG active site yet (see Figure 6B). In specific, the
dT O2 atom forms one HB with the Ile139 backbone N-H,
whereas no direct contact between the thymine and other
TDG residues, i.e. Tyr152 and Asn191, is observed. Instead,
two water molecules can form HBs with the polar groups of
thymine. In addition, the 5-methyl group of dT nt can form
nonpolar contacts with the residues Ala145 and Pro153 (see
Figure 6B). Interestingly, the U-G system demonstrates a
different dynamic behavior comparing to that of the T-G.
In particular, most of the MD conformations reach to a
completely flipped state with an average RMSD value of
~1 A relative to the reference structure, and only a small
fraction of MD conformations transits to the S4 state (see
Figure 6A). As shown in one selected structure (see Fig-
ure 6B), the uracil can establish at least three HBs with the
TDG residues, Ile139, Tyr152, and Asn191 through its po-
lar groups, and forms m-m stacking with the Tyr152 side-
chain. Therefore, comparing to the dT nt, the dU nt appears
to reach to the TDG active site faster, which is likely due to
less steric hindrance the uracil endures during the base ev-
ersion process owing to the lack of the 5-methyl group.

On the other hand, both the 5fC-G and 5caC-G sys-
tems show very different dynamical and structural prop-
erties from the G-dT/dU systems owning to the presence
of the cytosine ring. Strikingly, all the conformations tran-
sit to the fully flipped state in the 5fC-G system (see Fig-
ure 6A), showing a strong tendency to reach the TDG ac-
tive site. Structural comparison shows an obvious HB-shift
from the dT/dU O4 atom to the formyl group of 5fC paring
with the Tyr152 backbone N-H (see Figure 6B). Moreover,
one water molecule bridging the 5fC N4 atom and residue
His151 can be observed. In addition, the formyl group of
5fC can form nonpolar contacts with the residues Alal45
and Pro153, and the key residue Tyr152 tightly stacks with
the 5fC. In contrast, in the 5caC-G system, several dis-
tinct states can be observed, consisting of the fully flipped
state (most populated), TS, and the states remaining at S4
(see Figure 6A). Structural examination of one representa-
tive flipped state shows that the presence of the carboxylate
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group in ScaC attracts several water molecules, one of which
forms HB with the residue Hisl51. In addition, the 5caC
N3 atom can form one HB with the residue Asnl91 (see
Figure 6A). Notably, the HB between the O2 atom on the
pyrimidine ring and the residue Ile139 is present in all the
four systems. Taken together, dU, 5fC and ScaC nts appear
to exhibit faster binding kinetics to TDG than the dT nt,
which likely in turn, facilitate the catalysis. Moreover, com-
paring with the dU and 5fC nts that show similar binding
tendencies toward TDG, the 5caC nt appears less likely to
reach to the TDG active site.

DISCUSSIONS

TDG is shown to adopt a base-flipping strategy to extrude
the target base from the DNA helix to its active site, as
revealed from the crystal structures (74,76). However, due
to the lack of the information regarding the recognition
of TDG on undamaged DNA and the static nature of the
crystallographic structures, the dynamics of the complete
base flipping process at an atomistic level remain unclear.
Here, by employing extensive MD simulations combined
with the MSM construction, we demonstrate the complete
base flipping dynamics of the mispaired dT nt exerted by
TDG on a tens of microsecond timescale. Our MSM re-
veals six metastable state of the mispaired dT nt during
its base-flipping process. Particularly, we highlight a criti-
cal role of one intercalated residue Arg275 in stabilizing the
partially flipped nt (S2) and then penetrating into the DNA
minor groove to finally lock the complex in a fully flipped
state, which kinetically limits the overall base-flipping pro-
cess. Notably, the stepwise nature of the base-flipping pro-
cess observed in TDG has also been captured in other DNA
repair/modify enzymes using biochemical (e.g. for UDG
and M.Hhal) (48,64,109) or computational (e.g. for O°-
alkylguanine-DNA alkyltransferase) (110) approaches. In
particular, Stivers and his coworkers, employing both site-
mutagenesis and fluorescence assays (48,109), demonstrate
that the conformational change of UDG involving the pene-
tration of the intercalation loop into the minor groove takes
place after the base-flipping process. The finding appears
quite in line with our observations in TDG. Moreover, we
propose an active role of TDG in promoting the extrusion
of the intrahelical dT nt, as also suggested from previous
AFM studies (66). Finally, our comparative studies illus-
trate distinctive dynamic and structural features for various
TDG substrates.

Crystallographic studies have obtained several TDG—
DNA complexes where the targeting nt is in either intra-
helical (e.g. 2rba) or extrahelical states (e.g. Shf7 etc.), and
the trapped substrates includes U (e.g. Shf7), C (e.g. 2rba),
5fC (e.g. 5t2w), and 5caC (e.g. 3uo7). To compare these
crystal structures with the possible metastable state cap-
tured by MSM, we firstly measured the bending angles for
seven TDG-DNA structures that contain an flipped yet not
cleaved nt except for 2rba that contains a TDG-product
complex. As shown in Supplementary Figure S16A, the cal-
culated roll-angle value ranges from 37° to 45°, which is
larger than the value for the S6 state reported in current
study (28 4 9°). One possible explanation for the above dis-
crepancy is that all these crystal structures were intention-
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ally designed as an uncleavable form by using either sub-
strate analogs or TDG variants, which may lead to some
local structural distortions to prevent the catalysis. In ad-
dition, we further projected each crystal structure onto the
same energy landscape as shown in Figure 5D for the tar-
geting nt. It clearly shows that all the structures can be as-
signed to the S6 state except for 2rba that resides in the S1
state region (see Supplementary Figure S17).

Notably, further examinations of the binding interfaces
between TDG and DNA show distinct structural features
for different crystal structures. In specific, five important
contacting points between TDG and DNA backbones,
formed by positively charged residues Lys240, Lys246,
Lys232, Arg275, and Argl10, can be observed in Shf7 and
5t2w, as well as in the S6 state reported here (see Supple-
mentary Figure S16B). In contrast, only one of the above
contacts (formed by Lys232) is observed in the non-specific
complex of 2rba (see Supplementary Figure S3A), which is
significantly different from the S1 state where all the above
interactions are present (see Supplementary Figure S3C).
Moreover, the extended N-terminal region of TDG in Shf7
(residues 85-110) sterically occludes the potential binding
site of the second TDG, as observed in 2rba (see Supple-
mentary Figure S18). Therefore, the second TDG adjacent
to the non-specific binding TDG in 2rba is likely to al-
ter the binding mode between TDG and DNA, resulting
in a different DNA orientation from that in S1 (compare
Supplementary Figure S3A and C). For other specific com-
plexes, one key interaction between the N-terminal residue
Argl10 and DNA backbone is missing compared to Shf7
and 5t2w but other interactions are kept (see Supplemen-
tary Figure S16B). Taken together, the non-specific com-
plex in 2rba demonstrates quite different structural features
from the S1 state in terms of the TDG-DNA binding inter-
faces. Whereas the 5Shf7 and 5t2w resemble to the S6 state.
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Figure 7. A schematic illustration of the proposed base-flipping mecha-
nism by TDG.

TDG actively promotes the damaged base extrusion

Whether the repair enzyme actively promotes the base-
flipping or passively traps the extrahelical nt has been a sub-
ject of many structural (39,40,63), biochemical (48), NMR
(23) and single-molecule studies (47,51,66). One way to an-
swer this question is to directly compare the flipping rate of
the damaged nt with and without protein binding, as evi-
denced by previous imino proton exchange assay for UDG
(23). In this study, by probing and comparing the kinetics of
the S1—S2 transition with and without TDG, we try to pro-
vide further insights into the substrate recognition mecha-
nisms. Our MSM shows that the S1—S2 transition occurs
at ~2 s (see Figure 2B). In comparisons, the former NMR
studies have indicated that the lifetime of the intrahelical
T:G mispair is ~1 ms (33), which is about 10°-fold slower
than that in the presence of TDG, suggesting an active
rather than a passive role of TDG in promoting the base-
flipping process (see Figure 7). The subsequent transitions
starting from the S2 state involve the compression of the



DNA backbone and eversion of the target nt into the active
site, which are also actively promoted by TDG. The active
role of other DNA repair/modify proteins in promoting the
base flipping have also been demonstrated by former bio-
chemical or crystallographic studies (40,45,48,63,64,111).
For example, the key intercalation residues, e.g. the Leul25
in AIkA (63) and Tyr88 in MutY (40), are shown to be ca-
pable of recognizing the intrahelical lesion bases though the
intercalation domains have not penetrated into the DNA
minor groove yet, implying an active role of the glycosylase
in promoting the base extrusion.

Consistently, our control simulations for the naked DNA
conformations indicate that the T-G mispair can remain in
an intrahelical state within at least 3 ws (see Figure 5D).
More interestingly, the bending angle of the above naked
DNA is ~18+8°, which is very close to the value observed
for the S1 state in the presence of TDG (see Figure 4F). This
result suggests that the naked DNA chain that contains a
T:G mispair adopts a bent conformation, which can be di-
rectly recognized by TDG to initiate the base-flipping. For
the undamaged naked DNA, on the other hand, it is pre-
dominantly in an unbent form, as indicated by the recent
AFM studies (66), which likely prevents the initial recog-
nition by TDG. Nevertheless, since the non-specific DNA
chain can also transiently explore a bent conformation (i.e.
with a bending angle of ~30°) (66), TDG may still recog-
nize the bent non-specific DNA conformation and even per-
form the catalysis, which explains the experimental observa-
tion that the TDG exhibits weak but still detectable activ-
ities against the matched G:C pair (72). Another scenario
for TDG to recognize the undamaged DNA is that TDG
firstly binds to the unbent DNA and then actively bend the
DNA chain to a conformation that can facilitate the base-
flipping process (i.e. the S1 state), which, however, appears
energetically unfavorable.

TDG promotes the damaged base extrusion via the minor
groove

Whether the damaged base extrudes along the mi-
nor or major groove in the presence of the DNA
repair/modify proteins is the subject of many theoretical
studies (27,28,37,59,111-113). For the bacterial MutM that
excises the 8-0xoG (or Fpg), former free energy calculations
suggest a base-flipping path along the DNA minor groove,
with an overall extrusion barrier of only ~4 kcal/mol (59).
It is also worth to note that the key intercalated residue
in Fpg is also an Arginine (i.e. Argl09 in E. coli, and
Argl12 in B. stearothermophilus) though the global pro-
tein fold is different from TDG. Whereas for the cytosine
S-methyltransferase that methylates the 5-site of the cyto-
sine ring, the base extrusion via the major groove has been
shown to be more favorable than the minor groove path-
way (27). In TDG or its structurally related systems, how-
ever, the detailed base-flipping pathway remained unclear.
Here, our TMD simulations captured a base extrusion path
via the DNA minor groove in the presence of TDG. Im-
portantly, a key cation-1 recognition between the interca-
lated residue Arg275 and the partially flipped dT nt ob-
served in S2 can stabilize the early base-flipping interme-
diate and facilitate further base extrusion into the active
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site. Consistently, former site-directed mutagenesis studies
have suggested that the substitution of Arg275 with other
residues, i.e. R275A and R275L, can significantly reduce
the lesion rates for T and BrU but has very small effects
for U and FU that are comparatively smaller and contain a
less stable N-glycosylic bond (70), suggesting the potential
role of Arg275 in promoting the base-flipping. Nevertheless,
the counterpart residue of Arg275 in UDG is replaced by a
Leucine (i.e. Leu272 in human UDG), which is apparently
distinct from Arginine in terms of the chemical structures
and properties. In this regard, the above cation-m interac-
tion observed in TDG will not be fulfilled by the Leucine
in UDG. Notably, substitution of Arg275 with Leu leads to
a reduced TDG activity against T and BrU compared to
the wild type TDG (70), suggesting that the base-flipping
mechanisms may vary between UDG and TDG although
they share a very similar structural fold.

TDG actively bends the DNA backbone and widens the minor
groove width

Our studies show that the invasion of the TDG intercala-
tion loop into the DNA minor groove significantly widens
the minor groove width by ~2 A, and bends the DNA back-
bone by ~10° on average (see Figure 4E and F). The results
are very similar to the crystallographic observations for the
TDG structures bound with damaged or undamaged DNA
chains (74,76). In specific, the TDG is shown to bend the
undamaged DNA backbone by ~25°, with the intercalated
residue Arg275 lying along the minor groove of the DNA
duplex (76). In contrast, in RC, the damaged DNA helix
is bent by ~43° with the residue Arg275 penetrated into the
DNA minor groove. Notably, the recent AFM work demon-
strated that TDG could stabilize DNA in two major confor-
mations with an average DNA bending angle of ~30° and
~60°, regardless of specific or non-specific DNA sequences
(66). These reported values are larger than the values calcu-
lated here (19 =+ 8.8° versus 28.2 4+ 9.2°). The above discrep-
ancy is likely caused by several factors. Firstly, it is notewor-
thy that the ways to measure the bending angles by former
experiments and current work are different. Here, we evalu-
ated the DNA bending by calculating the roll angle between
the two bps adjacent to the mispaired bp, which, appar-
ently, cannot be resolved using the single-molecule meth-
ods. Moreover, it is also worth to note that our system only
contains 24 DNA bps, which is far shorter than the DNA
substrates that are used in the experiments (>1000 bp). Fi-
nally, the N-terminal region of TDG (residues 8§2-106) has
been shown to play an critical role in tightening DNA bind-
ing (74). Unfortunately, due to its disordered nature, we are
not able to take this region into account in this study.

The identified base-flipping pathway warrants further exper-
imental tests

Here, we identified a complete base-flipping pathway for the
mispaired dT nt exerted by TDG, our MSM indicates that
the dominant flipping process follows the sequential transi-
tions in the order of S1—S2—S3—S4—S5—S6. Notably,
along the dominant path, several previously unidentified
TDG residues are found to be critical in stabilizing the key
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intermediate state of the flipped and partially flipped dT nt.
In specific, the residues Ser273 and Cys276 in S2, Gly142
and Asnl57 in S3, Ser273 and Ser272 in S4 can directly
form HBs with the polar groups of the thymine through
their side chain or backbone atoms (see Figure 3). There-
fore, these abovementioned residues can be subject to fu-
ture mutagenesis tests to further evaluate their specific roles
in the base-flipping process. One potential experimental at-
tempt is to design a mutant TDG that may capture a par-
tially flipped base, e.g. by substitutions of certain residues to
block the early base-flipping path. Interestingly, one recent
experimental study shows that the A145G mutant TDG ex-
hibits higher glycosylase activity than the wt TDG (69).
Based on our model, the A145G mutation is likely to relieve
some steric clashes between the 5-methyl group of thymine
and the Alal45 during the S4— S5 transition, thereby facil-
icates the base-flipping process.

Effects of chemical modifications of the pyrimidine ring on
the base-flipping dynamics

Finally, we compared the base-flipping dynamics for differ-
ent TDG substrates based on the dominant path identified
for the dT nt, under an assumption that different substrates
share the same base-flipping pathway. We also assume that
the S5—S6 transition (the Arg275 penetration step) is de-
coupled from the S1 to S5 transitions (base-flipping), there-
fore, the dynamics of the S5— S6 transition are similar for
different nts. We thus selected the S4— S5 transition for the
comparative studies because this transition is the slowest
step during the base-eversion process (from S1 to S5).
Compared with dU, 5fC, and 5caC nts, dT nt seems to
exhibit the lowest flipping rate, which likely in turn slows
down the overall catalytic cycling. This result is consistent
with the former experimental observation that TDG has a
higher catalytic activity against dU than dT (69). In addi-
tion, dU and 5fC appear to have comparable flipping ki-
netics since most of the conformations for dU and all for
5fC starting from the TS regions transit to the fully flipped
states (see Figure 6A). dU, lack of one methyl group com-
paring to dT, experiences less steric clashes with the TDG
residues, e.g. Alal45, while entering into the active site. The
finding is consistent with former experimental results that
the larger size of the 5-substituent on the thymine has detri-
mental effects on the lesions rates by TDG (71,72). For 5fC,
on the other hand, owing to its unique structural feature
of the cytosine ring, exhibits a distinct interaction network
with the TDG residues compared to dT (see Figure 6A).
In contrast, 5caC can explore several different conforma-
tional regions though the fully flipped state prevails. No-
tably, compared to other three nts, ScaC carries one nega-
tive charge, which leads to its strong interactions with the
solvent waters. Therefore, the desolvation can be one of
the main energy penalties to prevent 5caC from entering
into the crowded active site of TDG, implying a relatively
lower cleavage rate for 5caC than that for 5fC, as also in-
dicated in previous studies (68). Although our theoretical
results are in line with some of the experimental observa-
tions (69,70), it should be noticed that different nts may have
varied base-flipping pathways. Therefore, the TS region we
selected for the S4— S5 transition may also be different for

various bases. A systematic investigation for each base sys-
tem similar to the T-G mispair studied here is required in
order to sufficiently address the above issue.
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