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Abstract

Thymine DNA glycosylase (TDG) is a base excision repair enzyme with key functions in epige-
netic regulation. Performing a critical step in a pathway for active DNA demethylation, TDG
removes 5-formylcytosine and 5-carboxylcytosine, oxidized derivatives of 5-methylcytosine that
are generated by TET (ten-eleven translocation) enzymes. We solved a crystal structure of TDG
bound to DNA with a non-cleavable (2’-fluoroarabino) analog of 5-formyldeoxycytidine flipped
into its active site, revealing how it recognizes and hydrolytically excises fC. Together with
previous structural and biochemical findings, the results illustrate how TDG employs an adaptable
active site to excise a broad variety of nucleobases from DNA.
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Thymine DNA glycosylase (TDG) initiates base excision repair (BER) by excising
chemically modified bases, specifically those arising from deamination or oxidation of 5-
methylcytosine (mC).2 TDG removes T from G-T mispairs, protecting against mutations
arising from deamination of mC to T.2 In a multistep pathway for active DNA
demethylation, TDG excises 5-formylcytosine (fC) and 5-carboxylcytosine (caC),3-> which
are generated via oxidation of mC or 5-hydroxymethylcytosine (hmC) by TET (ten-eleven
translocation) enzymes (Figure 1).467 This key epigenetic function likely explains findings
that TDG is essential for embryogenesis in mice.8-® However, our understanding of how
TDG excises select forms of oxidized mC has remained limited.

To address this problem, we sought to obtain a crystal structure of TDG bound to DNA with
a non-cleavable (2’ -fluoroarabino) analog of 5-formyldeoxycytidine (fdC) flipped
productively into its active site, giving a snapshot of the enzyme-substrate complex.
Fluorination of deoxynucleotides at 2" precludes A-glycosyl bond cleavage by DNA
glycosylases, due to transition state destabilization.10-13 Indeed, 2’-F substitution precludes
TDG cleavage of dT, dU, and 5-carboxyl-dC (cadC).10-14-16 These substrate analogues are
synthesized in two forms, 2”-F-ribo (a) and 2”-F-arabino () (Chart 1), both of which halt
N-glycosyl hydrolysis by TDG and other glycosylases.1%11:17 The 2”-F-B analogues are
considered superior for structural studies with glycosylases, because the sugar pucker is
compatible with B-form DNA and the F is less likely to disrupt binding of the nucleophile
(water) because it resides on the opposite face of the sugar ring.18-21 Thus, 2"-F-p
deoxynucleotides are good substrate mimics that flip into a glycosylase active site and
preserve key enzyme-substrate interactions.

We prepared oligodeoxynucleotides (ODNS) containing 2 -F--fdC (or fdCF) using
phosphoramidite 4, which was synthesized in a manner similar to that previously reported
(Scheme 1).22-24 The 2’ -fluoronucleoside core was prepared using a strategy described by
Damha and more recently by He.22:23 The protecting group scheme developed by Carell was
employed to introduce 5-formylcytosine.24 Using ODNSs containing fdCF, we prepared
duplex DNA containing a G-fC base pair for crystallization with TDG. As expected, we find
no detectable TDG hydrolysis of fdCF, even after 48 h (Figure S1).
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Following our improved approach,21:25 we crystallized TDG82-3%8 hound to G-fC DNA and
solved a structure at 2.20 A resolution (Supplementary Table S1). TDG82-308 contains
residues 82-308 of human TDG (410 total residues), including the catalytic domain and an
N-terminal regulatory region that mediates interactions with other proteins, is subject to
post-translational modifications, and is disordered.2! We recently reported a structure (1.54
A) of TDG82-3%8 pound to a G-U mispair (2'-F-B-dU analog),?! revealing several key
interactions that were not observed for TDG11-308 (or TDGCY), the construct that had been
used for all previous DNA-bound structures of TDG. Importantly, the glycosylase activity of
TDG82-308 5 equivalent to that of full-length TDG, for G-fC pairs (Figure S2) and for G-T
mispairs.?1

The structure here reveals key enzyme-substrate (E -S) interactions that enable TDG to
recognize and excise fC from DNA (Figure 2). Remarkably, TDG provides a relatively short
(2.8 A) hydrogen bond from the Tyr152 backbone N-H to the fC formyl oxygen, a contact
that is equivalent in length to the intramolecular hydrogen bond involving the formyl oxygen
and exocyclic amine of fC. This is the only polar contact provided to the fC formyl oxygen,
and it is likely important for substrate binding and catalysis. Indeed, the fC-Tyr152 contact
likely accounts for the ability of TDG to bind tightly to DNA containing fC but not mC or
hmC.16 The methyl of Alal45 forms a nonpolar contact with the fC formyl carbon, which
might help position fC to interact with the Tyr152 backbone; the A145G mutation causes a
threefold loss in the maximal rate of fC excision.6

TDG contacts other regions of fC that might not confer specificity but could mediate fC
binding and/or excision. The N4H, of fC is contacted by Asn191 and a water molecule.
While Asn191 may contribute to binding fC in the E -S complex, it is dispensable for the
chemical step, as the N191A mutation does not decrease the rate of fC excision.28 No
contacts are provided to N3 of fC, consistent with findings that fC excision is not acid-
catalyzed.2 TDG provides two backbone N-H contacts to fC-O2, one fairly short (2.7 A).
fC-02 is also contacted by a water molecule, bound by a backbone N-H and Ser271. Thus,
the important fC contacts involve backbone groups and water molecules, rather than side
chains. Notably, MUG, the bacterial homolog of TDG, also removes fC and caC,2’ but most
active site residues are not conserved. Our results suggest that MUG employs similar
interactions (backbone, water) to excise fC.

The new structure also reveals how TDG binds the putative nucleophilic water molecule in
the G-fC E -S complex (Figure 3). Notably, the mechanism is the same as that seen for a
TDG-G-U E -S complex.1®21 The nucleophile is bound by Asn140 and the backbone oxygen
of Thr197. Supporting an essential catalytic role for Asn140,14.28 the N140A mutation
causes a 16,000-fold decrease in fC glycosylase activity (Figure S3), consistent with the
large effect of this mutation on TDG activity for other substrates (G-U, G-FU, G-BrU).14 The
Asn140 side chain is positioned by Thr197 and a backbone oxygen. The structure reveals a
distance of 4.0 A between the nucleophile and the nascent electrophile, C1” of fdCF. The
proximity and relative position of the nucleophile and electrophile for TDG (G-fC, G-U) are
nearly identical to that observed in an E -S complex for the related enzyme, UNG (ina 1.8 A
resolution structure).2?
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We next consider implications for the mechanism of fC excision (Figure 4). All studies to
date of deoxynucleotide A-~glycosyl hydrolysis, using transition-state analysis, indicate a
stepwise mechanism whereby A-glycosyl bond cleavage yields a short-lived intermediate,
followed by nucleophile addition.39-32 These studies included UNG, which catalyzes
departure of a U anion.3033 This precedent, together with previous structural and
biochemical studies of TDG, suggests that TDG could also employ a stepwise mechanism,
featuring expulsion of an anionic leaving group. The evidence includes findings that (/) TDG
activity (log Amax) depends on N1 acidity (pKj) of the leaving group base,34 (i) TDG
excision of fC, U, and T does not involve acid catalysis (to activate the base for
departure),26:35 and (/ij), TDG binds but does not activate the nucleophile (Figure
3),15:21.26,35 consistent with nucleophile addition following A-glycosyl bond cleavage. The
calculated N1 acidities of U and fC are nearly identical, 26 and TDG activity is similar
(twofold higher) for U relative to fC (37 °C).3:3% Previous structures indicate TDG could
stabilize a departing U anion via hydrogen bonds to O2 and 04.15:21 The structure here
indicates a departing fC anion could be stabilized by hydrogen bonds to O2 and the formyl
oxygen (Figures 2, 4).

It is of interest to compare the interactions that TDG forms with fC to those for caC and U
(Figure 5). In terms of overall protein fold, the structure of TDG82-308_G.fC is closer to a
1.54 A structure of TDG82-308.G.U (percentile based spread or p.b.s.36 of 0.20 A, backbone
atoms), than it is to a lower resolution (3.0 A) structure of TDG111-308.G.caC (p.b.s. of 0.53
A).16 This is due likely to differences in TDG construct, crystallization conditions, and
structural resolution for the G-fC versus G-caC structures. Nevertheless, TDG interactions
with fC are far more similar to those observed for caC than for U. Indeed, nearly all contacts
observed in a TDG structure with caC are seen here for fC (Figure 5A), although water
molecules are not observed in the caC structure. An exception is the putative contact (2.6 A)
from Asn191-0°%1 to caC-N3,16 which might facilitate acid-catalyzed caC excision.28 This
contact is not seen for fC, which is excised without need for acid-catalysis.2® Notably, the
N191A mutant retains full glycosylase activity for fC excision but lacks detectable activity
for caC excision.28 The structure here reveals water-mediated contacts to fC, and some of
these are likely relevant to caC recognition. Water molecules might also form carboxyl-
specific contacts with caC, but testing this idea must await an improved structure for caC-
bound TDG.

In contrast with caC, the active-site position and contacts for U differ from that of fC (Figure
5B). While the Tyr152 backbone N-H contacts the formyl oxygen of fC, it contacts O4 of U.
Although Asn191 is well aligned in the two structures, its side chain oxygen contacts the
exocyclic N4 of fC compared to N3 of U. In addition, the position of the water molecule that
contacts fC-N4 differs from that which contacts U-O4. On the other hand, TDG forms
similar contacts to the O2 position of both fC and U. Together with previous studies, the
structure here reveals how TDG employs an adaptable active site to excise a variety of
modified bases, including deaminated and oxidized derivatives of mC.
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Figure 1.
DNA cytosine methylation by DNMT and DNA demethylation via the TET-TDG-BER
pathway.
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Figure 2.
Structure of TDG82308 hound to G-fC DNA (PDB ID: 5T2W). TDG residues are white (N

blue, O red), the dfCF-containing DNA is yellow (2’-F is cyan), and water molecules are red
spheres. A 2F,-F; electron density map, contoured at 1.0 o, is shown for DNA (yellow) and
water molecules (blue) but not the enzyme (for clarity). Dashed lines are hydrogen bonds,
with interatomic distances (A) shown for contacts to fC (all others are <3.5 A).
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Figure 3.
Binding of the nucleophilic water molecule. TDG is in cartoon and stick format (white), the

fdC nucleotide is yellow, and the nucleophile (water) is a red sphere (other waters omitted
for clarity). A 2/,-F. map, contoured at 1.0 o, is shown for the nucleophile. Dashed lines are
H bonds, some with interatomic distances (A). The distance from the nucleophile to C1” of
fdCF (4.0 A) is indicated.
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Figure 4.

Potential stepwise mechanism for TDG excision of fC from DNA. Interactions in the E -S
complex are those observed in the structure reported here. Rupture of the A:glycosyl bond
yields a putative short-lived intermediate, with an fC anion and oxacarbenium ion; addition
of the nucleophile (water) gives products (fC and an abasic site).
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Figureb5.
Superposition of structures to compare TDG interactions with (A) fC versus caC and (B) fC

versus U (all are 2"-F-B analogs). (A) For the TDG82-308_G.fC structure, DNA is yellow,
protein is white, water molecules are red spheres, and hydrogen bonds are black dashes
(distances <3.5 A). For TDG111-308.G.caC (PDB ID: 3UOB), DNA is cyan, protein is green,
and hydrogen bonds are cyan dashes (no waters are observed). (B) For TDG82308_G fC the
coloring is the same as in panel A. For TDG82308.G.U (PDB ID: 5HF7), DNA is cyan,
protein is green, water molecules are light cyan, and hydrogen bonds are cyan. In both
panels, the putative nucleophilic water molecule(s) is marked (*).

Biochemistry. Author manuscript; available in PMC 2017 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Pidugu et al.

Page 12

1* (!

/k _’ RO o /ko d e

w 46% - 53%
2

H (R=TBDMS)

Scheme 1. Synthesis of the phosphor amidite for 2”-fluor oar abino-5-for myldeoxycytidine?
4Key: a) TBSCI b) Pdy(dba)s, PPh3, BusSnH, CO c) 1,3-Propanediol, triethyl orthoformate,

TiClg d) p-Methoxybenzoyl chloride e) HFepyridine f) DMTCI g) Phosphitylation.
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2'-F-ribo () 2'-F-arabino (f3)

Chart 1.
2’-F substitutions in 2”-deoxynucleotides
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