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ABSTRACT: The DNA repair protein thymine DNA glycosylase H1s1 /Hm ) / H151 M
(TDG) removes mispaired or damaged bases, such as oxidized methyl- }15@ R 1%& [ vis N0
cytosine, from DNA by cleavage of the glycosidic bond between the il
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sugar and the target base flipped into the enzyme’s active site. The Cs i W, { ( <
enzyme is active against formyl-cytosine and carboxyl-cytosine, whereas M4 nao™” b

the lower oxidized hydroxymethyl-cytosine and methyl-cytosine itself
are not processed by the enzyme. Molecular dynamics simulations with ; | ) /
thermodynamic integration of TDG complexed to DNA carrying one of LSNP

four different (oxidized) methyl-cytosine bases in extrahelcial
conformation, methyl-cytosine (mC), hydroxymethyl-cytosine (hmC), ¥4 a ” > C % hmC >
formyl-cytosine (fC), or carboxyl-cytosine (caC), show a more Y AUTR )

favorable binding affinity of the higher oxidized forms, fC and caC, W’ N

than the nonsubstrate bases hmC and mC. Despite rather comparable,
reaction-competent conformations of the flipped bases in the active site of the enzyme, more and stronger interactions with active
site residues account for the preferred binding of the higher oxidized bases. Binding of the negatively charged caC and the neutral fC
are strengthened by interactions with positively charged His151. Our calculated proton affinities find this protonation state of
His151 the preferred one in the presence of caC and conceivable in the presence of fC as well as increasing the binding affinity
toward the two bases. Discrimination of the substrate bases is further achieved by the backbone of Tyr152 that forms a strong
hydrogen bond to the carboxyl and formyl oxygen atoms of caC and fC, respectively, a contact that is completely lacking in mC and
much weaker in hmC. Overall, our computational results indicate that the enzyme discriminates the different oxidation forms of
methyl-cytosine already at the formation of the extrahelical complexes.

B INTRODUCTION regulation and alterations in DNA methylation are now known
to be related to genetic diseases and cancer."”

In this context, thymine DNA glycosylase has been reported
to play a role in a demethylation pathway, resulting in the
removal of mC: Enzymes such as the ten-eleven translocation
(TET) methyl-cytosine dioxygenases transform mC by
stepwise oxidation into hydroxymethyl-cytosine (hmC),
formyl-cytosine (fC), and carboxyl-cytosine (caC).”~> Where-
as hmC and mC are not processed by the TDG enzyme, the
higher-oxidized forms, fC and caC, are recognized and expelled
by TDG and, following the base excision repair pathway,
ultimately replaced by unmethylated cytosine (C)*®” (Figure

The base excision repair (BER) system is a machinery of
enzymes recognizing, removing, and correcting mispairs and
damage in the DNA. In the first step of the base excision repair
system, glycosylases such as human thymine DNA glycosylase
recognize a damaged or mispaired base and remove it via
glycosidic C1’-N1 bond hydrolysis. The resulting abasic site is
further processed by apurinic/apyrimidinic endonuclease that
cleaves the DNA backbone to allow subsequent insertion of a
new, correct nucleotide by polymerase f# and ultimately sealing
of the backbone by a ligase enzyme.

One possible DNA damage is the deamination of cytosine or
S-methyl-cytosine (mC) that results in a mismatch in the DNA 1. ) ' o ]
with G:U or G:T mispairs instead of the Watson—Crick pair Biochemical binding data show DNA with substrate bases to

638
(m)C:G and finally in mutations in the encoded proteins. Such be bound more strongly to TDG than C, mC, and hmC,
mispairs are recognized and removed by uracil DNA

glycosylase (UDG) or human thymine DNA glycosylase Received: November 18, 2021
(TDG), respectively, in the first step of base excision. Revised:  January 15, 2022
Maintaining CpG sites (regions in the DNA where a cytosine Published: February 3, 2022

is next to a guanine), in both, their nucleotide composition and
their methylation status, is of particular importance since
methylation of cytosine at CpG sites is a means of epigenetic
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Figure 1. Cytosine can be methylated by methyl-transferase enzymes. Deamination of cytosine (C) or methyl-cytosine (mC) leads to uracil (U) or
thymine (T), respectively, which are recognized and removed by thymine DNA glycosylase (TDG). Methylcytosine dioxygenases (TET) transform
methyl-cytosine into its oxidized forms hydroxymethyl-cytosine (hmC), formyl-cytosine (fC), and carboxyl-cytosine (caC). TDG recognizes and
excises fC and caC, but not mC or hmC. The abasic product of TDG is further processed by other enzymes of the base excision repair pathway.

which could be interpreted as recognition already taking place
at the stage of initial complex formation, as suggested for
discrimination of mispaired thymine against paired thymine or
methyl-cytosine.”'’ Our previous simulations of uncomplexed
DNA and intrahelical TDG-DNA complexes with different XC
bases (mC, hmC, fC, or caC) in their amino forms paired with
guanine do not show significant differences in DNA
conformation or interaction with the TDG protein.'""”
their imino forms, conformational differences exist between
cognate and noncognate XC forms. However, computed
relative binding affinities render intrahelical TDG-DNA
complexes with imino forms of the XC unlikely.'* Thus,
discrimination of the XC bases likely takes place at a later
stage.

According to the crystal structures of TDG glycosylases
complexed to lesioned DNA,”"*™'¢ the target base is in an
extrahelical conformation, flipped into the enzyme’s active site
(see Figure 2). The base flip as a possible means of
discrimination between substrate and nontarget bases has
been studied by molecular dynamics simulations for mispaired
vs paired thymine and for fC and caC."” In these simulations,
the conformational transition of Arg275 that intercalates into
the DNA at the void left by the flipped out base has been
found to be an important part of the process."’ ™" For T:G
mispairs, their local deformation, which is already present in
free DNA and stabilized in the complex with the TDG
enzyme,'”'%*" facilitates and hence accelerates the transition
to the fully extrahelical state. Extrusion of fC and caC, though,
has been found to follow different dynamics than the base flip
of thymine.'”"® In particular, for flipping caC out of the DNA
helix and into the active site, interactions of the carboxyl group
with a guiding protein residue, Lys201, are important.'®

Crystal structures show that also the detailed conformations
of the substrate bases embedded in the active site of TDG
differ between mispaired bases (uracil or thymine analogues)
and damaged bases, e.g, oxidized methyl-cytosine bases XC
(fC and caC).”"37'¢

In
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Figure 2. Superlmposmon of the crystal structures of TDG bound to
DNA with 5caCF (6U17,'® orange) and SfCF (ST2W,”' purple) with
the extrahelical base flipped into the active site of TDG. Note that the
structure of 5caCF has been solved using the one of SfCF as a
template.'® The base flipped into the active site and active site
residues Ile139, Asnl40, AsnlS7, His1S1, Tyrl52, Asnl91, and
Arg275 are shown in licorice.

A common feature of glycosidic bond cleavage reactions,
though, is their stepwise character: 22727 frst, as the rate-
determining step, the C1’-N1 bond dissociates, then a
nucleophilic water molecule attacks the sugar C1’ atom,
accompanied or followed by proton transfer to the departed
base.

With the leaving group departure being the rate-determing
step, the propensity of the bases to leave as anions, as
quantified by their pK,N" (the microscopic ionization constant
for the NI site), may be decisive for the bond hydrolysis
reaction.””**™* In particular, the electron-withdrawing C5-
substituents in fC and caC have been attributed to the increase
of the leaving group ability of these bases and to account for
TDG’s activity against only these higher oxidized forms and
not hmC or mC. For caC, only the form with a protonated
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Figure 3. (a) Thermodynamic cycle used to determine relative binding free energies of TDG-DNA complexes with different forms of oxidized
methyl-cytosine flipped out into the active site of TDG by perturbations from mC to hmC, fC, and caC (black arrows) and vice versa (gray
arrows). (b) Definition of soft-core region: Atoms treated by a soft-core potential in the perturbations are shown in red.

carboxyl group has an increased leaving group ability,’
rendering leaving group protonation catalytically important.
Indeed, the cleavage rate for caC is enhanced at low pH>" and
the mechanism for caC excision has therefore been classified as
acid-catalyzed. Protonation prior to leaving group departure
has also been suggested for cleavage of mispaired thymine®®
but does not play a role in fC excision.**

Regarding nucleophilic attack, there is no obvious general
base in the TDG enzyme that could activate a water molecule.
The aspartate residue that is discussed to play such a role in
uracl DNA glycosylase (though this role has also been
attributed to a histidine residue’”) is replaced by an asparagine,
Asn140, in TDG. While Asn140 cannot act as a general base,
there is a consensus that this residue plays a role in at least
positioning the nucleophile, and computations* suggest strong
hydrogen bonds of the nucleophilic water molecule to this
residue to help its activation.

We use molecular dynamics simulations to obtain a
microscopic view of the interactions between the XC bases
and the active site of the TDG protein and to explain the
measured differences in binding data. Whether and how the
detailed binding mode of the extrahelical base in the active site
of TDG contributes to recognition and thus discrimination of
the substrate bases caC and fC over the nonsubstrate bases
hmC and mC, in the prereactive complex, is the subject of the
present paper.

B METHODS

Model Setup. We modeled thymine DNA glycosylase
(TDG) based on PDB*® structure 6U17,'° which is a 1:1
complex of the protein and DNA, with 5-caCF flipped out of
the DNA strand into the active site of the protein. For our
simulations, we used the protein complexed to a shortened
DNA fragment (sequence S’-GCTCTGTACGTGAGC-
GATG-3'/3'-CGAGACATG[XC]JACTCGCTAC-5"), where
[XC] marks the (oxidized) methyl cytosine. Additionally, we
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constructed B-DNA with the same sequence using NAB from
the AmberTools suite’* for simulations of uncomplexed DNA
with intrahelical XC in solution (termed “free DNA” in the
following). These simulations were also used as a reference in
our previous paper.'” In the protein structure, hydroxycysteine
276 (CSO 276) was replaced by cysteine. Protonation states
and flips of histidine residues were checked by Whatif™> and by
visual inspection; histidine residues for which the protonation
state deviates from the Amber default (HIE) were named
accordingly. In particular, histidine residues 150 and 179 were
treated as HID, i.e., with the proton located at the NJ atom,
and for His1S1 we performed simulations with this residue
treated as both HIE1S1 (proton at the Ne atom) and as
HIP151 (protons at the N§ and Ne atoms). His1S1 with a
proton at the NJ atom only was not considered since the
crystal structures of TDG bound to DNA with extrahelical S-
caCF'® or 5-fC*' show a short distance between the Ne atom
of His151 and the backbone O atom of Prol25 that strongly
suggests a hydrogen bond between the two residues with the
hydrogen atom located at the Ne atom of His151. According
to our previous work on TDG complexed to DNA carrying a
T:G mispair, this short distance is not maintained with No&-
protonated His151.%*

Methyl-cytosine (mC) and its oxidized derivatives S-
hydroxymethylcytosine (hmC), S-formylcytosine (fC), and S-
carboxymethylcytosine (caC) were parametrized following a
protocol previously established.'”*®*” For the modified bases
(and the C1'/H1’ atoms; the charges of all other nucleotide
atoms were kept identical to their parmbsc1®® values), we used
RESP*”* charges based on quantum chemical calculations
(HE/6-31G(d)//B3LYP/6-31G(d);*' = optimizations were
performed in polarizable continuum model (PCM) water)***’
with Gaussian 16" in agreement with the Amber force
fields.*>*” Missing force field parameters of the bases were
amended using values from Gaff (version 1.81)°*°'
parmbscl/ff14SB.>*>> The DNA part of the system was

https://doi.org/10.1021/acs.jpcb.1c09896
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Figure 4. (a) Thermodynamic cycle used to compute protonation affinities of His151 in TDG with different forms of oxidized S-methyl-cytosine
flipped out into the active site of TDG (mC, hmC, fC, and caC) by perturbations from protonated to unprotonated His151. Simulations were
performed both in solution (above) and in the protein—DNA complex (HIP — HIE, black arrow) and vice versa (HIE — HIP, gray arrow). (b)
Definition of soft-core region: Atoms treated by a soft-core potential in the perturbations are shown in red.

described by the parmbscl®® force field and the protein by
ff14SB.**

Prior to solvation, the systems were initially geometry
optimized using implicit solvent (GB/SA) for 100 steepest
descent and 400 conjugate gradient minimization steps. Then,
the systems were solvated with TIP3P"’ water, using truncated
octahedral box geometries exceeding the solutes by 15 A in
either direction, resulting in approximate box dimensions of 99
A (protein—DNA complex) and 92 A (free DNA). Then
sodium counterions”* were added to neutralize the system, and
additional NaCl was added until a sodium concentration of
150 mM was obtained. Periodic boundary conditions were
used throughout and the distance cutoff for all nonbonding
interactions was set to 10 A. Long-range electrostatics were
described by the particle-mesh Ewald method.***® For van der
Waals interactions beyond those included in the direct sum, a
continuum model correction for energy and pressure was used,
as implemented in Amber.

Molecular Dynamics Simulations. After initial geometry
optimization (first S000 steps with restraints (50 kcal-mol™
A7?) on the DNA and protein, then 5000 optimization steps
without restraints, switch from steepest descent to conjugate
gradients after SO0 steps in either case), the solvated systems
were heated to 298 K during a 500 ps simulation with weak
restraints (10 kcal-mol™" A™?) on the protein and the DNA in
the NVT ensemble. After that, 600 ns unrestrained NPT
Langevin dynamics were performed for each system at 298 K
and 1 bar (weak pressure coupling, isotropic position scaling,
pressure relaxation time 2 ps, collision frequency of 2 ps™") of
which the first 100 ns were used for NPT equilibration of the
system. SHAKE constraints were applied to bonds involving
hydrogen atoms.”” Watson—Crick distance restraints were
imposed on the DNA termini (20 kcal - mol™ A™2, allowing
+0.1 A movement from the equilibrium bond distance) to
prevent fraying of the DNA termini.’®

Three independent simulation runs were performed for each
system. Simulation frames were saved every 100 ps. All
simulations were performed with Amber 18°* and Amber 20>’
using pmemd.cuda on GPUs.

Thermodynamic Integration Simulations. Relative
binding free energies of the complexes of the DNA
oligonucleotides containing the four (oxidized) variants of
methyl-cytosine with TDG were obtained using the
thermodynamic cycle depicted in Figure 3a. The perturbations
were performed with Amber 20°” pmemd.cuda following a
dual-topology thermodynamic integration (TI) approach.”’~®
Methyl-cytosine (mC) was perturbed into its oxidized forms
caC, fC, and hmC, respectively, using a lambda coordinate of
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21 windows (0.00, 0.05, ..., 0.95, 1.00), in both the bound state
(DNA complexed with TDG) and the free state (DNA with
intrahelical XC solvated in water, 150 mM NaCl, as above).54
Perturbations were performed in one step, using a van-der-
Waals (vdW) and electrostatic soft-core potential with Amber
20 default soft-core parameters®® and the soft-core regions are
indicated in Figure 3b. For comparison, we also used a 3-step
perturbation protocol in which the vanishing atoms are first
discharged, then the actual perturbation takes place using a
vdW soft-core, and finally the appearing atoms are charged. As
the results obtained with this alternative protocol were
practically identical to the ones obtained with the one-step
protocol, we decided to proceed with the one-step protocol.

The perturbation free energies AG,ipound 3N AGpergfree
(scheme in Figure 3a) were obtained from the free energy
gradients by trapezoidal numerical integration. Starting
structures for the T1 simulations were taken from the unbiased
MD simulations of caC, fC, hmC, and mC after 10.5 ns
equilibration for both protonation states of His151, HIE and
HIP, respectively.

Again, Watson—Crick (NMR) distance restraints on DNA
termini (see above) were employed to prevent fraying of the
DNA termini. After initial geometry optimization (5000 steps),
each lambda window was heated to 298 K during 200 ps NVT
simulation with weak Cartesian restraints (5 kcal-mol™-A™2)
on non-hydrogen DNA/protein atoms, followed by 200 ps
NPT equilibration without restraints. An integration time step
of 1 fs was used, with SHAKE®” constraints on all bonds
involving hydrogen except the perturbed residues (in addition
to SHAKE being removed between bonds containing one
common and one unique atom). A Monte Carlo barostat was
used for pressure (1 bar) control. Energy output was written
every ps, while geometries were written every 10 ps. All other
simulation parameters were chosen as suggested in the Amber
TI tutorial.>>** Each lambda window was simulated for 30.4
ns, of which the last 20 ns were used for integration and for
each perturbation three individual runs were performed. To
check for possible hysteresis effects, we also performed each
perturbation in the opposite direction, that is starting from an
equilibrated structure corresponding to the system at the 4 = 1
window of the perturbation (indicated by gray arrows in Figure
3).

In order to investigate different protonation states of His151
(HIP or HIE) when bound to TDG with different forms of
oxidized methyl-cytosine (mC, hmC, fC and caC) flipped out
into the active site of TDG, we employed the thermodynamic
cycle shown in Figure 4°”®” where HIP was perturbed to HIE,
both in solution (ACE- and NME-protected) and in the

https://doi.org/10.1021/acs.jpcb.1c09896
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Figure S. Active site of the TDG protein with extrahelical XC base bound shown as superimposition of median structures of the simulations of caC
(orange), fC (purple), hmC (blue), and mC (green) with neutral His151 (HIE, left) or protonated His151 (HIP, right) with the crystal structure
of 5caCF (6U17,'° gray). Residues Ile139, Asn140, Asn157, His151, Tyr1S52, Asnl191, and Arg27$ are shown in stick representation. Hydrogen
atoms are omitted for clarity. Only water molecules within 4 A of the XC nucleotides are shown.

protein—DNA complexes. Again, we performed the perturba-
tions from HIP to HIE and also from HIE to HIP, to check for
possible hysteresis. Thermodynamic integration simulation
details were as described above, the choice of the soft-core
region is depicted in Figure 4. The reported double free energy
differences, AAG, describe the difference of the deprotonation
free energy of HIP in the protein case and in solution

AAG(HIP — HIE) = AGy; — AGyyp
— AG

pert, free

= AGpert,bound
For the opposite direction of the perturbation, the double free
energy difference is

AAG(HIE — HIP) = AGyp — AGyy

Analysis. Only the last 500 ns was used for analysis.
Cpptraj”® from the AmberTools suite, VMD 1.9.3,% and
Curves+/Canal’””" were used for the analyses. A flip angle,
describing how much the XC base is rotated out of the DNA
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helix, is defined as the pseudo-dihedral formed by the XC base,
the sugar of the XC nucleotide, the sugar of the next nucleotide
downstream, and the next base and its complementary base, a
definition we have used previously.”'’ A hydrogen bond was
defined based on geometric criteria, ie., a donor—acceptor
distance not larger than 3.2 A and a donor-hydrogen-acceptor
angle deviating from linearity by not more than 42°. Residue
interaction energies were calculated using the LIE command of
cpptraj® with default settings.

Further data analysis was performed by custom-made
Jupyter Notebooks using NumPy’> with Python.”” All error
estimates are the standard deviation from the mean of the
three individual runs per simulation setup. Median structures
for visualization were determined from the simulation
trajectories by custom-made scripts and MDtraj.”* Matplot-
lib”® was used for plotting and molecular figures were prepared
with VMD 1.9.3.%°
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Figure 6. Average distances between the XC base and active site residues: (a) Asn140, Asn157, lle139, (b) His151, (c) TyrlS2, and (d) Asn191.

For the distance distributions see Figures S4—S8.

B RESULTS

TDG-DNA Complex Conformations. All TDG-DNA
complexes, caC, fC, hmC, and mC, exhibit an extrahelical
conformation of the XC base that is flipped into the active site
of TDG (see Figure ).

Accordingly, the base flip angles and the opening angle show
values that are characteristic for an extrahelical conformation
and are similar in all models (see Figure S1). Moreover, none
of the other DNA base pair or helical parameters indicates
significant differences in the DNA conformation between the
different models (see Figure S2).

The XC base is “on top” of residue Tyrl52 and is
surrounded by residues Ile139, Asn140, Asn157, and Asnl191,
as is the case also in the crystal structures of TDG bound to
caC and to fC (cf. Figure S). Arg275 is surrounded by the
phosphate groups of the neighboring nucleotides, thus filling
the void left by the flipped-out base, as also observed in the
crystal structures (cf. Figure S). Some of the individual
distances between the XC bases and active site residues,
however, vary between the different models (see Figure 6).
Whereas distances to Ile139, Asn140, and AsnlS57 are rather
similar (Figure 6a), significant differences can be observed for
the distance between His151 or Tyr152 and the oxygen atom
of the different oxidized methyl groups, O1S (see Figure 6b
and c), and in the models with protonated His151 also in the
distances of this residue to the amino group of the XC bases
(see Figure 6b). Asn191 is closer to the N3 atom of the base
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with its ND2 atom in the caC models, whereas the OD1 atom
is somewhat farther from the XC base in these models,
indicating a preference for a switched conformation of Asn191
when caC is bound to the active site of TDG.

TDG-DNA Interactions. Binding Free Energies and
Proton Affinities. With neutral His151 (HIE), TDG binds
most preferably to DNA carrying a fC lesion whereas the
binding free energies of hmC and mC are comparable (see
Table 1). Binding of DNA with a caC lesion, on the other
hand, is much less favorable than binding an intact mC when
His151 is neutral. The difference between the binding free
energy differences calculated from perturbing mC to caC
(HIE) and vice versa, as well as from perturbations between
mC and hmC (HIP) are somewhat larger than the error of

Table 1. Relative Binding Free Energies (in kcal/mol) of the
DNA with Oxidized Methyl-Cytosine (hmC, fC, or caC,
Respectively) to TDG Bound to TDG with Neutral His151
(HIE) or Protonated His151 (HIP)

HIE HIP
mC — caC 6.35 + 0.62 —6.0S + 0.80
caC —» mC —2.40 + 041 7.52 + 0.39
mC — fC —2.92 + 0.09 —6.11 + 0.05
fC - mC 3.70 + 0.23 6.43 + 0.46
mC — hmC —0.24 + 0.26 —0.98 + 0.36
hmC — mC 0.23 + 0.10 3.62 + 0.18
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Table 2. Protonation Affinities (in kcal/mol) as Calculated from Relative Free Energies (see Methods) of His151 in TDG-
DNA Complexes with Different Forms of Oxidized Methyl-Cytosine”

caC fC hmC mC
HIP — HIE 6.98 + 0.73 3.13 + 0.52 321 + 1.19 191 + 0.78
HIE — HIP —=7.50 + 1.07 1.37 £ 0.31 —4.75 + 1.00 3.26 + 0.84

“HIE represents neutral and HIP protonated His151, respectively.

Table 3. Electrostatic Interaction Energies (in kcal/mol) of TDG and the XC Base (for Arg275 with the Backbone of XC and
the Backbone of Its Neighboring Residues) in Complexes with Different Forms of Oxidized Methyl-Cytosine (for van der

Waals Interaction energies, see Table S1)“

HIE caC fC hmC mC
Arg275 —139.86 + 4.92 —140.18 + 4.21 —135.22 + 7.38 —139.15 + 0.62
AS —45.66 + 0.97 —18.41 + 1.58 —1791 + S5.55 —-13.19 + 3.14
Tle139 —15.14 + 0.14 —-9.88 + 0.17 —10.19 + 0.59 —11.12 + 0.14
Asnl40 4.50 + 1.66 5.52 +0.23 6.93 + 0.35 6.02 + 1.96
His151 —6.21 + 0.16 —3.96 + 0.07 —4.67 + 2.47 —2.65 + 0.55
Tyr152 —18.23 + 0.63 —=7.57 + 241 —8.22 + 6.36 —3.35 + 1.98
Asnl191 —10.58 + 1.86 —2.52 + 0.62 —1.76 + 4.64 —2.08 + 1.18

HIP caC fC hmC mC
Arg27$ —141.87 + 6.47 —132.99 + 10.57 —140.80 + 5.49 —138.81 + 2.62
AS —75.15 + 4.54 —24.65 + 3.24 —-17.30 + 2.09 —10.74 + 2.76
1le139 —14.52 + 0.36 —-9.87 + 0.21 —10.69 + 0.15 —11.15 £ 0.18
Asnl40 7.73 £ 2.30 5.50 + 0.75 5.16 + 1.38 595 + 045§
His151 —35.53 + 3.30 —7.72 + 0.16 —247 + 0.20 3.31 £ 0.27
Tyr152 —24.26 + 3.63 —5.85 + 0.87 —6.38 + 0.57 —3.12 + 0.46
Asnl91 —8.58 + 5.09 —6.70 + 2.95 —2.92 + 2.06 —=5.74 + 2.78

“HIE and HIP refer to TDG with neutral and protonated His151, respectively. AS means active site residues Ile139, Asn140, His151, TyrlS2,

Asnl91 together.

these TI simulations. This can be explained by different
interactions with water molecules or Tyr152, depending on the
starting point of the perturbation simulations (see the
Supporting Information).

Looking also at the protonation affinities, in the complex
with caC, neutral His151 is computed to be so highly
unfavorable (Table 2), compared to protonated His151, that
neutral His151 can be ruled out as very unlikely when caC is
bound.

As for the protonation state of His1S1 in the other models,
the calculated protonation affinities (Table 2) are not
informative for models fC and mC, due to the large hysteresis:
Performing alchemical perturbation calculations from proto-
nated to unprotonated His1S1 or vice versa, both result in
unfavorable energies. This may be indicative of the XC base
being differently accommodated in the active site in the
respective starting conformation of the simulations, that is with
protonated or unprotonated Hisl1S1, respectively, and the
limitations of the perturbation simulations do not allow a full
relaxation to the optimal conformation in the other
protonation state. Comparison of the starting and end points
of the perturbation simulations (4 = 0 and A = 1) indeed reveal
differences in structure and some interactions of the fC and
mC base, respectively, with Tyr152 and water molecules,
depending on the starting point of the perturbation simulations
(see Supporting Information). Such a behavior can further-
more be interpreted as both protonation states of His151, HIP
and HIE, being conceivable in the fC and in the mC mode],
depending on the conformation.

When His1S1 is protonated (HIP), the calculated relative
binding affinities (see Table 1) suggest a strong preference for
binding of caC or fC over binding of mC, whereas the relative
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binding affinity of hmC does not suggest DNA with this base
to be favored over mC. His151 is not only clearly protonated
in the complex with caC bound, but this is also the preferred
form when hmC is bound to TDG (see Table 2).
Comparing the interaction energies of the active site with the
XC nucleotide, these are most favorable with caC. This can be
due to the different number of atoms contributing to the
interactions and also due to the different (negative vs neutral)
charge of the caC base. For the caC system, the interactions
are significantly weaker when complexed to TDG with neutral
His1S51 (~—46 kcal/mol) than with protonated HislS1
(~=75 kcal/mol, see Table 3). The interaction energy with
His151 itself (~—6 vs ~—36 kcal/mol for neutral and
protonated His1S1, respectively, see Table 3), corresponds
to this difference. The attractive interactions between the two
oppositely charged residues, protonated His151 and the
negatively charged caC base, are likely the major contribution
to the more favorable binding affnity of caC over the non-
cognate forms, hmC and mC, the latter of which shows an
even repulsive interaction with protonated His1S51 (i.e. positive
interaction energy, see Table 3). It is interesting to note that
the interaction energy of the intercalating residue Arg275 with
the backbone of the XC nucleotide and the backbone of its
neighboring residues is comparable in all models and in both
protonation states of His151, HIE and HIP. Also the combined
interactions of the active site residues with fC suggest a
preference over the hmC and mC models when His151 is
protonated, whereas this is not the case with neutral His151,
further indicating that this protonation state cannot be ruled
out for fC, though being of a lesser importance than in the case
of caC.
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Table 4. Probabilities for Hydrogen Bonds between TDG and the XC Nucleotide”

HIE
acceptor - donor caC fC hmC mC
XC:01S5 - TYR1S2:N 0.97 + 0.00 0.98 + 0.01 0.49 + 0.39
XC:02 - ILE139:N 0.84 + 0.13 0.92 + 0.04 0.80 + 0.16 0.93 + 0.02
XC:OP1 - ASN157:ND2 0.94 + 0.03 0.87 + 0.0S 0.56 + 0.47 0.71 £ 0.23
ASN191:0D1 - XC:N4 0.66 + 0.05 0.53 + 0.12
XC:N3 - ASN191:ND2
HIP
acceptor - donor caC fC hmC mC
XC:01S - TYRIS2:N 091 £ 0.10 0.95 + 0.03 049 + 0.11
XC:02 - ILE139:N 0.74 + 0.23 0.78 £ 0.20 091 £ 0.08 0.85 £ 0.10
XC:OP1 - ASN157:ND2 0.57 + 0.50 0.72 + 0.25 0.62 + 0.44 0.78 = 0.27
ASN191:0D1 - XC:N4 0.31 + 0.26 0.74 £ 0.13 0.31 £ 0.21 0.40 £+ 0.27
XC:N3 - ASN191:ND2 0.51 £ 0.36 0.21 + 0.23 0.20 + 0.21

“Only those hydrogen bonds that have a probability of at least 0.5 in at least one of the models are listed. HIE and HIP refer to TDG with neutral
and protonated His151, respectively. For atom labels of the XC bases, see Figures 3 and S.

Table S. Average Number of Hydrogen Bonds between the XC Nucleotide and Water (W)“

HIE
acceptor - donor caC fC hmC mC
XC:015 - W 0.58 + 0.20
XC:016 - W 1.81 £ 0.10
XC:02 - W 0.61 + 0.53 0.84 + 0.12
XC:0P1 - W 1.72 £ 0.23 1.98 £ 0.17 1.53 £ 041 1.93 £ 0.12
XC:0P2 - W 2.55 £ 0.17 229 £ 0.06 2.35 + 0.08 237 £0.11
W - XC:015 0.88 + 0.07
HIP
acceptor - donor caC fC hmC mC
XC:015 - W 0.54 £ 0.19
XC:016 - W 191 £+ 0.07
XC:02 -W 0.66 + 0.40 0.81 £ 0.11 0.92 + 0.02
XC:OP1 -W 1.52 +£ 0.18 1.88 + 0.04 2.00 + 0.36 1.86 + 0.23
XC:0P2 - W 249 + 0.12 2.41 £ 0.08 2.36 £ 0.15 2.51 £ 0.04
W - XC:015 0.89 + 0.04

“Only those hydrogen bonds that have a probability of at least 0.5 in at least one of the models are listed. HIE and HIP refer to TDG with neutral
and protonated His151, respectively. For atom labels of the XC bases see Figures 3 and S.

Another large difference in interaction energies between caC
and the other models can be observed for the electrostatic
interactions with the active site residue Tyr152. caC interacts
most favorably with this residue and this interaction is, again,
stronger in the complex with protonated His151 whereas the
interaction between XC base and Tyr152 is not affected by the
protonation state of His151 in the other models (see below for
a detailed analysis of the hydrogen-bonded interactions). The
other two oxidized forms, fC and hmC, exhibit interaction
energies with Tyr152 that are similar, but weaker than in the
caC model, and the interaction of mC with Tyr152 is even
weaker.

Hydrogen-Bonded Interactions. There are several residues
that form direct hydrogen bonds with the XC nucleotide (see
Table 4). Ile139 has a high probability for a hydrogen bond
with the O2 atom of the XC base in all models. And also
hydrogen bonds between Asn157 and the phosphate backbone
of XC are observed, though with large errors in some models.
Average distances between the XC base and either of the two
residues, though, are, within error, comparable in all models
(see Figure 6a).
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Large differences can be observed for the hydrogen-bonded
interactions between Asnl91 and the XC base. In the fC
models, with protonated and unprotonated His151, and in the
mC model, with neutral His151, the ODI1 atom of Asnl91
accepts a hydrogen bond from the N4 atom of the XC base
with a higher probability than that in the other models. Asn191
as a hydrogen bond donor to the N3 atoms of the bases, in
contrast, is observed with significant probability only in the
caC model with protonated HislS1 (see Table 4).
Correspondingly, the caC model exhibits a shorter average
distance from Asn191 to the N3 atom of the base than in the
other models (see Figure 6d).

A hydrogen-bond interaction with the oxygen atom of the
oxidized methyl group (O1S5) and the backbone NH atom of
Tyrl52 is present almost throughout the simulations of the
caC and fC models, but it has only about half this probability
in the hmC model which can be explained by the hydroxyl
group acting partially as the hydrogen bond acceptor, with
Tyr152 or water (see Table S), and partially as the hydrogen
bond donor, to water (Table S). The average distance between
Tyr152 and the XC base is also significantly shorter in the caC
and fC models than in the hmC model (see Figure 6¢). This

https://doi.org/10.1021/acs.jpcb.1c09896
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Figure 7. Radial distribution functions (RDF) of oxygen atoms of water molecules around the OD1 atom of Asn140. HIE and HIP refer to TDG

with neutral and protonated His151, respectively.
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Figure 8. Radial distribution functions (RDF) of oxygen atoms of water molecules around the O15-atom of the oxidized methyl group of the XC
base. HIE and HIP refer to TDG with neutral and protonated His151, respectively.

hydrogen bond between the oxidized forms, caC, fC, and hmC
and Tyr152 likely accounts for their more favorable interaction
energies with this residue, compared to mC which lacks oxygen
atom O1S and can therefore not form such a hydrogen bond.

It is interesting to note that the average distances between
His151 and the O15 atom of the XC base follow this trend
(see Figure 6b), although no direct hydrogen bond is observed
between His151 and the XC base. A similar trend is observed
for the distance between His151 and the N4 atom of the base.
These distances are about the same in the models with
unprotonated His151 and shorter than in the protonated case,
indicating some repulsion between the His151-ND-H and the
amino group of the XC base.

Hydrogen bonds between the XC nucleotide and water are,
in all models, predominantly formed with the phosphate
backbone, resulting in at least two hydrogen bonds between
water molecules, one to each of the nonester oxygen atoms
(OP1 and OP2), respectively (see Table S). Almost two
hydrogen bonds donated by water molecules are accepted by
the O16 atom of the carboxyl group in the caC models. The
other carboxyl oxygen atom of caC, O15, exhibits a much
lower probability for hydrogen bonds with water molecules, as
can be explained by this atom already being engaged in a
hydrogen bond to Tyr152. For the hmC model, for which the
015 atom shows a lower probability for hydrogen bonds with
Tyr152, hydrogen bonds to water can be observed with O15 as
acceptor. In the fC models, in contrast, the O15 atom forms
hydrogen bonds exclusively with Tyr152 and not with water.

There is also some probability for a hydrogen bond between
water and the O2 atom of the XC base, but no clear trend with
the oxidation levels of the models can be observed. This is also
reflected in the rather large errors of the radial distribution
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functions of water around the O2 atom (see Figure S9),
suggesting no stable water position at this site which is partially
precluded by the hydrogen bond between Ile139 and the O2
atom (see Table 4).

The hydrogen-bonded interactions between the intercalating
residue Arg275 and the nucleotides A28 and G30, ie. the
neighbors of the lesion (XC29), are comparable in all models
and agree well with the similar distances between Arg 275 and
these residues (see Figure S6) and the similar interaction
energies calculated for this residue with the DNA (see Table
3). These interactions indicate a stable conformation with the
extrahelical base that is further confirmed by the similar narrow
distribution of the opening and flip angles in all models (see
Figure S1).

Hydrogen-bonded interactions between Lys232 and residues
T31 and A32 further downstream, which have been discussed
earlier'® as an important TDG—-DNA interaction that may
contribute to the complex binding energy, are also present in
all models with high probability (see Figure S3). The only
remarkable differences in hydrogen-bonded interactions are
those formed between TDG and the DNA strand comple-
mentary to that carrying the XC nucleotide are by Cys233 with
T31 and between GIn278 and residues G30, next to XC, or
T31. Differences in the protein interactions with the XC-
containing strand can only be observed for DNA residues that
are far away from the lesion site.

Water in the Active Site. Putative Nucleophilic Water
Molecules. Asn140 has been discussed to be responsible for
placing a water molecule close to the XC base that can act as a
nucleophile.”'#****3 The radial distribution functions
around the OD1 atom of Asnl40 (Figure 7) indeed show
peaks at typical hydrogen-bond distances (~2.8 A), albeit with
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Figure 9. Radial distribution functions (RDF) of oxygen atoms of water molecules around the N4-atom of the XC base. HIE and HIP refer to TDG

with neutral and protonated His151, respectively.
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Figure 10. Radial distribution functions (RDF) of oxygen atoms of water molecules around the OD1 atom of Asn191. HIE and HIP refer to TDG

with neutral and protonated His1S1, respectively.

varying intensity. Both caC models and the hmC model with
protonated His151 exhibit large errors for first hydration peaks
around the OD1 atom of Asnl40, indicating a less ordered
position of putative nucleophilic water molecules. The fC
model, and the hmC model with neutral His151 exhibit the
sharpest distribution with least errors.

The radial distribution functions of water around the O2
atom of the XC bases all show a peak at hydrogen bonding
distance to this atom, indicating that the presence of another
water molecule on the side of the XC sugar opposite to Asn140
is probable (see Figure S9).

Other Water Molecules. An analysis of the radial
distribution functions of water molecules around the oxygen
atom of the oxidized methyl group, O1S, shows that only caC
and hmC exhibit peaks below 3 A (see Figure 8). Their
intensities agree well with hydrogen bonds of atom O1S5 with
water molecules that are only observed for these models (cf.
Table S).

The radial distribution functions of water molecules around
the nitrogen atom N4 show a peak at about a hydrogen
bonded distance (~3 A) in all models, albeit with varying
intensity and errors (see Figure 9). There is, however, no
significant probability for a hydrogen bond between the amino
group of the base and water molecules. Instead, the N4 atom
of the mC and in particular fC bases forms hydrogen bonds
with Asn191 (cf. Table 4).

Still, water molecules are also observed around Asn191
(Figure 10). Water around Asnl91 is clearly within the
hydrogen-bonding distance with OD1 in both caC models, i.e.,
with neutral and protonated His151, and in the other models
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with protonated His151, corresponding to the observed high
probabilities for hydrogen bonds with water (see Table S2).

B DISCUSSION

Our simulation data show that all XC bases are well embedded
in the active site of TDG and remain in an extrahelical
conformation throughout the simulations. The active site
conformations, also those of the noncognate complexes, do not
differ substantially from the crystal structures of TDG bound
to fC or caC. According to our calculated relative binding
affinities, DNA with a caC lesion is most preferably bound, but
also fC is favored over the noncognate forms, hmC and mC.
This finding is in agreement with the experimentally observed
weaker binding of mC and hmC by TDG compared to binding
of DNA with cognate bases.”® The preference of fC over hmC
and mC is much more pronounced for TDG with protonated
His151 than with neutral His151. Although the calculated
protonation free energies for these residues do not allow a
conclusion about the preferred protonation state of His151 in a
TDG-DNA complex with fC, the more favorable relative
binding affinity suggests that His151 protonation might be
relevant. Neither pK,-dependent kinetic experiments® nor
computations of the mechanism of hydrolytic fC cleavage™
find His151 protonation important. His151 protonation is thus
not strictly necessary for processing fC, but when His1S1 is
protonated it contributes to preferred binding of fC over hmC
or mC.

In TDG complexed to caC, His151 is clearly protonated, as
can be seen from the computed proton affinities and the
interaction energies of His151 with caC. This is in agreement
with the observation of an acid catalyzed enzyme activity.”'>
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Besides the interactions of His151 with the XC base that are
stronger for the higher oxidized forms, caC and fC, further
discrimination between cognate and noncognate forms of
methyl-cytosines is achieved via interactions with Tyr152. The
crystal structure of TDG complexed to DNA with fC™' and
with caC™'¢ also shows a short distance between active site
residue Tyr152 and the fC base, suggesting a stable hydrogen
bond between these residues. The hydrogen bond between
NH and O15 discriminates oxidized from unoxidized methyl-
cytosine due to the latter lacking the oxygen atom. hmC, on
the other hand, contains such an oxygen atom. It is, however,
engaged in hydrogen bonds with water as the donor, and
therefore exhibits weaker and less frequent hydrogen bonds
with Tyr152. The other oxidized XC bases, caC and fC, could
in principle accept hydrogen bonds from water molecules with
their O15 atom, but this is observed with moderate probability
only for the charged caC which forms another strong hydrogen
bond to water via its other oxygen atom, O16.

fC, in contrast, does not form such hydrogen bonds, and,
indeed, according to the radial distribution functions, there is
little probability for water molecules to be close enough for
such bonds. Significant hydrogen bonded interactions of fC
that may contribute to its discrimination are observed between
Asn191 and the amino group of the fC base. This interaction is
more probable for fC than for any of the other XC bases,
including caC. At least in models with protonated His151, this
interaction, together with that to His1S1 itself, contributes
most to the more favorable interaction energy of the active site
with fC than in the systems with the noncognate XC bases.
Mutation experiments, however, showed that mutation of
His151 or Asnl91 to alanine has little or no effect on the
enzymatic activity,” indicating that these residues do not
contribute to the enzymatic reaction with fC. For caC, though,
mutation of Asn191 leads to an inactive enzyme.'> There are
no significant hydrogen bond interactions between Asn191 and
the caC base in our simulations, suggesting that this residue
plays an important role in the chemical step rather than in
substrate binding.

Besides the more favorable interactions, and hence preferred
binding of the caC and fC bases, also the reaction competence
of the complexes with the XC base flipped into TDG’s active
site contributes to the overall discrimination. That is, a base
that is strongly bound, but does not undergo hydrolytic
cleavage of the glycosidic bond, e.g, because it is not well
placed for catalysis, may even act as an inhibitor for the
enzyme. The requirements are a positioning of the nucleophile,
likely by Asn140, and possibly also its activation. And, at least
in the case of caC, leaving group activation through
protonation, e.g., via His151, the presence of a positive charge,
or strong hydrogen bonds to surrounding active site residues
(including water molecules) can help leaving group departure.

The distributions of water molecules around the target for
nucleophilic attack, the C1” atom, and around Asn140 show a
sufficiently high probability for a water molecule at reaction
competent distances, placed by Asn140, for all models, albeit
with different errors. A similar observation can be made for
water molecules close to O2, that is on the other side of the
sugar, and not held by Asnl40. The presence of a water
molecule here, though perhaps not acting as the nucleophile,
might help the dissociation of the XC base by formation of
hydrogen bonds or even proton transfer, upon or after
departure of the base. Yet, such a scenario would be possible

1198

in all XC models simulated in this work and can therefore not
be important for XC base discrimination.

As for the leaving group activation, calculations of the fC
cleavage mechanism”® show that the fC base can depart
without further activation by a proton. caC cleavage, on the
other hand, has been shown to be most likely acid catalyzed, or
at least is faster at lower pH."> This is in agreement with our
calculated proton affinities that predict a charged His151 when
caC is bound to TDG. Moreover, the probability distributions
of water around the carboxyl group and the hydrogen bond
probabilities of this group with water render a proton transfer
from His151 to caC via one or more water molecules possible.
In fact, such a protonation step, either to neutralize the
carboxyl group, or to the N3 atom, forming a zwitter ion, has
been discussed as preceding the base dissociation.'® Proto-
nation prior to C1’—N1 bond scission would enable the caC
base to depart as an anion and not a dianion, rendering it a
likely first step in the chemical mechanism of caC cleavage.

Calculations of the glycosidic bond cleavage of a mispaired
thymine base”® have shown that also in the enzymatic
environment departure of a neutral base is strongly favored
over departure of an anionic base. fC seems to manage without
protonation, i.e., can depart as an anion. hmC, that has been
calculated to have a lower N1 acidity, and hence lower leaving
group ability,”'>*° could benefit from such a proton transfer to
either the hydroxyl group or the N3 atom. According to our
simulations, both possibilities are rather unlikely since there is
no hydrogen bond (with significant probability) observed
between the N3 atom and water and the indeed probable
hydrogen bonds between the hydroxyl group and water involve
the hmC base as the donor. Though in TDG complexes with
hmC protonated His151 is preferred over neutral His151, and
thus a proton donor would be available, hmC seems to be
placed not well enough for such a proton transfer to occur. The
hmC base would then have to dissociate as anion and this is
less likely than for the higher oxidized fC and neutral caC. mC
could, in principle, accept a proton at its N3 atom but there is
no indication of hydrogen bonds to this atom, either, and the
leaving group abilities of methyl-cytosine rule out its departure
as an anion.

Taken together, a large part of the discrimination between
the different XC bases may still be necessary in the chemical
step, exploiting different leaving group abilities and/or affinities
for accepting a proton (or a strong hydrogen bond) prior to
departure by the XC bases. The active site conformation in all
the models studied in this work indicate nucleophile activation
to follow similar mechanisms, though of course nothing can be
concluded about the active site conformation after base
dissociation, based on the present simulations of models with
intact C1’—=N1 bond. Even if the chemical step is the last resort
for TDG to prevent aberrant cleavage of noncognate XC bases,
the more favorable binding affinities of the cognate systems, fC
and caC, render formation of the extrahelical TDG-DNA
complex and, with that, binding of the XC base in the active
site of TDG, an important means of substrate discrimination.

B CONCLUSION

According to our simulation data, discrimination of cognate
and noncognate methyl-cytosine bases is achieved to a large
extent upon binding to TDG in extrahelical conformation.
Whereas the positioning of the XC base in the active site is
comparable in all XC models, the interaction strength with
active site residues, via hydrogen bonds or undirected
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electrostatic interactions, accounts for large parts of the
differences in relative binding affinities. In particular, hydro-
gen-bonded interaction of the backbone of Tyrl52 with the
oxygen atom of the oxidized forms caC and fC is more
favorable than in hmC and thus favors binding of the higher
oxidized forms. Interaction with His151 is especially important
for the negatively charged caC, in line with the high
protonation affinity of His151 in that model.

Assuming that glycosidic bond cleavage essentially follows
the same mechanism in all models, that is, C1’'=N1 bond
dissociation taking place before the attack of a nucleophilic
water molecule, our simulations render all complexes equally
reaction competent. They all exhibit the presence of putative
nucleophilic water molecules and no obvious route for leaving
group activation through, e.g, protonation. The exception is
caC for which proton acceptance and thus neutralization is
likely a prerequisite for glycosidic bond scission. Further
discrimination in the chemical reaction of the (then) neutral
XC bases, may be due to differences in the detailed mechanism
or made possible by different leaving group abilities, intrinsic
to the different XC bases. It is the same intrinsic differences in
the chemistry of the XC bases that enable different interactions
with the TDG enzyme, despite (seemingly) very similar
accommodation of the XC bases in the active site, and that
favor binding of the higher oxidized substrate bases over the
noncognate XC bases.
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