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Thymine DNA glycosylase (TDG) is a multifaceted enzyme
involved in several critical biological pathways, including
transcriptional activation, DNA demethylation, and DNA
repair. Recent studies have established regulatory relationships
between TDG and RNA, but the molecular interactions un-
derlying these relationships are poorly understood. Herein, we
now demonstrate that TDG binds directly to RNA with nano-
molar affinity. Using synthetic oligonucleotides of defined
length and sequence, we show that TDG has a strong prefer-
ence for binding G-rich sequences in single-stranded RNA but
binds weakly to single-stranded DNA and duplex RNA. TDG
also binds tightly to endogenous RNA sequences. Studies with
truncated proteins indicate that TDG binds RNA primarily
through its structured catalytic domain and that its disordered
C-terminal domain plays a key role in regulating TDG’s affinity
and selectivity for RNA. Finally, we show that RNA competes
with DNA for binding to TDG, resulting in the inhibition of
TDG-mediated excision in the presence of RNA. Together, this
work provides support for and insights into a mechanism
wherein TDG-mediated processes (e.g., DNA demethylation)
are regulated through the direct interactions of TDG with
RNA.

DNA glycosylases initiate the base excision repair pathway
by recognizing specific nucleobase lesions in DNA and cata-
lyzing cleavage of the corresponding glycosidic bond (1-3).
Thymine DNA glycosylase (TDG), a member of the uracil
DNA glycosylase superfamily, has been shown to recognize
mismatched pyrimidine bases from GeT and GeU pairs and
initiate BER at these sites (4, 5). Like all enzymes in this family,
TDG uses a base-flipping mechanism to place the damaged
base into its active site to catalyze the cleavage of the glycosidic
bond. Regardless of the identity of the substrate, the resulting
abasic site (AP) is processed by the canonical BER pathway.

TDG is the only glycosylase known to be capable of
removing 5-formylcytosine (5fC) and 5-carboxycytosine
(5caC) from DNA in mammals (6, 7) and thus plays a cen-
tral role in the active DNA demethylation pathway responsible
for reversing 5-methylcytosine (5mC) (8, 9). Deletion of TDG
from embryonic stem cells results in a five- to tenfold increase
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in the levels of 5fC and 5caC(10), which preferentially accu-
mulate at genomic features associated with important gene-
regulatory functions, such as promoters and enhancers
(10-15). During mammalian development, TDG’s catalytic
activity is required for maintaining epigenetic stability of many
developmental and tissue-specific genes, and deletion of TDG
causes embryonic lethality due, in part, to hypermethylation of
promoters within these genes (16, 17). Aside from its catalytic
role, TDG has also been shown to potentiate transcription
through physical interactions with various transcription fac-
tors and activating histone modifiers (18, 19). Notably, TDG is
essential for recruiting the histone acetyltransferases (HAT's)
CBP/p300 to a subset of hormone-responsive genes to facili-
tate histone acetylation and subsequent transcriptional acti-
vation (16, 17, 20). Together, these findings support the notion
that TDG plays an important role in regulating and main-
taining appropriate genetic and epigenetic states. However, the
mechanisms surrounding these important regulatory functions
of TDG remain poorly understood.

RNAs, such as long noncoding RNAs (IncRNA) and
enhancer RNAs (eRNAs), are known to play key roles in
transcriptional regulation and DNA methylation control.
Therefore, it is not surprising that emerging evidence indicates
potential regulatory relationships between TDG and RNA.
TDG was shown to be essential in mediating the transcription
of eRNAs at the enhancers of a subset of E2-responsive genes
(21), which have also been shown to assemble into RNA-
dependent ribonucleoprotein complexes (22). Furthermore,
the IncRNA TARID was shown to target a TDG/GADD45A
(growth arrest and DNA-damage-inducible, alpha) complex to
the TCF21 gene promoter for subsequent DNA demethylation,
demonstrating the ability of IncRNAs to guide TDG-mediated
activities (23). A very recent study provided evidence that the
IncRNA TETILA physically interacts with TDG to target a
DNA demethylation complex to specific genes (24). Although
TDG lacks a canonical RNA-binding domain, it does have
several positively-charged surfaces that could facilitate elec-
trostatic interactions with RNA (Fig. S1). Moreover, TDG’s
disordered N- and C-terminal domains are enriched in
cationic and/or polar residues, sequence features that are
known to promote RNA binding and the self-assembly of
ribonucleoprotein complexes (Fig. S1) (25-28). Despite these
observations and the link between RNA and TDG-mediated
processes, direct evidence that TDG binds to RNA is lacking.
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Thymine DNA glycosylase is an RNA-binding protein

Herein, we carry out quantitative in vitro binding studies
with synthetic RNAs of defined length and sequence and
demonstrate, for the first time, that TDG is a bona fide RNA
binding protein. We show that TDG binds preferably and
tightly to G-rich sequences in single-stranded RNAs but has a
weak affinity for ssDNA and duplex RNA. Studies with trun-
cated proteins indicate that TDG binds RNA primarily
through its structured catalytic domain and that its disordered
C-terminal domain plays a key role in regulating TDG’s affinity
and selectivity for RNA. Finally, we demonstrate that RNA
competes with DNA for binding to TDG, providing a novel
mechanism through which RNA can regulate TDG-mediated
excision.

Results
TDG binds RNA with a preference for G-rich sequences in vitro

To begin our investigation, we synthesized a series homo-
polymer 30-mer RNA oligonucleotides of different base
compositions and measured TDG binding by an agarose

gel-based electrophoretic mobility shift assay (EMSA) (Fig. 1).
Because the affinity of RBPs for RNA can be dependent on
RNA length, especially for promiscuous RBPs, RNA of the
same length was compared. Furthermore, all synthetic RNAs
used in this study were cyanine 3 (Cy3)-labeled at their 5’ ends
in an identical manner (Table S1). Interestingly, within this
series, only poly[G] (G3o) had a measurable affinity for TDG,
with an apparent K, of 434 nM (95% confidence interval (95%
CI), 396-472 nM) (Fig. 1 and Table 1). While we were able to
detect a small TDG-RNA shift in the EMSAs for Asg, Cso, and
Usy, the Ky for these interactions greatly exceeded 5 uM, which
was the highest protein concentration tested (Fig. 1A). While
these data suggested that guanines promoted TDG binding, it
was also possible that other bases (e.g, adenines) prevented
binding. To test this, we asked whether the insertion of Gs into
Ajzy could rescue binding by TDG. We prepared a series of
RNAs containing different arrangements of Gs and As, (GA),,
(GGAA) 0, and (G3A4)4 and found that they all bound TDG at
least as well as Gz (Fig. 1C and Table 1). Their binding af-
finities were measured as GA,y > (GzAy)s > (GGAA)o. The
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Figure 1. TDG binds preferentially to G-rich RNA in vitro. A, Representative EMSA data for homopolymeric RNA sequences binding to TDG (0-5 pM).
Uncropped gel images are presented in Fig. S11. B, Saturation plots for binding of TDG to homopolymeric RNA. Data are mean + SD (n = 3). C, saturation
plots for binding of TDG to RNAs containing different arrangements of Gs and As. Data are mean + SD (n = 3). Representative EMSA data for panel (C) are
shown in Fig. S2A. EMSA, electrophoretic mobility shift assay; TDG, Thymine DNA glycosylase
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Thymine DNA glycosylase is an RNA-binding protein

Table 1

Equilibrium dissociation constants and Hill coefficients (h) for TDG
binding to various RNA and DNA strands.

Sequence K4 (nM) 95% CI Hill (k) 95% CI
Gzg 434 396-473 1.6 14-19
Cso >5000 — — —
Aso >5000 - - —
Uso >5000 — — —
(GA)a 140 118-165 2.9 2.2-4.0
(GA)y5 410 375-447 17 15-2.0
(GA)1o 2420 1890-3278 11 0.9-1.4
(GA)s >8097 6704-10,506 1.2 10-15
d(GA),o 1448 1289-1656 0.9 0.9-1.0
(GU)so 319 301-338 22 1.9-25
(GsAy), 366 338-394 13 12-14
(GGAA) o 423 376-472 22 1.7-29
d(GGAA) 2287 2106-2494 23 20-2.7
L-(GGAA) o 532 505-559 34 2.9-4.0
GCyp 2896 3242-4842 2.2 1.7-29
MUTyp 139 127-153 2.9 2.0-3.8
HOTAIR 39 36-41 2.7 2.3-3.2
TFFle 104 100-108 3.7 3.2-4.4

95% CI, 95% confidence interval; TDG, Thymine DNA glycosylase; TFFle, TFF1
enhancer RNA transcript; HOTAIR, HOX antisense intergenic RNA.

narrow range of dissociation constants among these sequences
(~100-400 nM) relative to TDG’s affinity for A3y (>5 pM)
indicated that the specific arrangement of Gs is not a critical
factor for binding. Another sequence containing only G and U,
(GU);s, also bound tightly to TDG (Fig. S2 and Table 1). Thus,
we concluded that TDG binds preferentially to G-rich RNAs.

TDG has a low dffinity for double-stranded RNA

In addition to its sequence, the secondary structure of RNA
is an important factor to consider when studying protein—
RNA interactions. RBPs often exhibit structure-specific RNA
binding that is important for function (29). In particular, a
number of RBPs have been shown to bind preferentially to G-
quadruplex (G4)-forming RNA sequences (30-32). G-rich
RNAs having at least four closely spaced G-tracks can form
intramolecular G4 structures comprised of planar stacks of
Hoogsteen-bonded  G-quartets. Previous studies (30),
including our own work (33), have shown that (GGAA);, and
(G3A4)s but not (GA),y, form G4 structures under buffer
conditions similar to those used in our binding assays. Indeed,
circular dichroism (CD) spectroscopy confirmed that
(GGAA) o and (G3A4), form strong G4 structures under our
EMSA buffer conditions, whereas (GA),, does not (Fig. S3A).
The fact that TDG bound tightly to these sequences with a
narrow range of affinities (Fig. 1C and Table 1) suggested that
the presence of a G4 had little influence on TDG’s ability to
bind G-rich RNAs.

In addition to G4s, we also examined whether TDG could
bind perfect double-stranded RNA (dsRNA) (34). We prepared
a G-rich RNA hairpin, GCyyp, designed to form a 14 bp stem
connected by a tetraloop (Fig. 2A4). GCyp had exclusively G/C
base pairs within its stem and an overall base composition of
50% G. Hairpin formation was confirmed by CD spectroscopy
(Fig. S3B). The affinity of GCyp for TDG (Kgq ~ 3 pM) was
drastically reduced relative to the other G-rich sequences
tested, which have similar G content (Fig. 2B and Table 1).
This result indicated that TDG has low affinity for dsRNA,
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Figure 2. TDG avoids binding to double-stranded RNA. A, sequence and
secondary structures of CGyp and MUTyp. Differences in MUTyp relative to
CGyp are emphasized in red text. B, saturation plots for binding of TDG to
CGpp and MUTyp. Data are mean + SD (n = 3). Representative EMSA data are
shown in Fig. S4. EMSA, electrophoretic mobility shift assay; TDG, Thymine
DNA glycosylase.

even if it is G-rich. Consistently, insertion of a few helix defects
into GCyyp, which resulted in an internal loop and 3’ tail giving
~40% single-stranded nucleotides (MUT}yp), was sufficient to
greatly increase its affinity for TDG (Ky = 139 nM, 95% CI
127-153 nM) (Fig. 2 and Table 1).

RNA length dependence on TDG binding

We next examined the relationship between RNA length
and TDG binding. We prepared a series of incrementally
shorter versions of (GA),, where n = 20, 15, 10, or 5.
(Table 1). As shown in Figure 3, as the length of the RNA
decreased so too did its affinity for TDG. The Ky increased
>10-fold when the length of the RNA was halved from 40-nt
to 20-nt and the 10-mer (GA)s had a K4 > 5 pM (Table 1).
Thus, in addition to its structure (above), the length of the
RNA is an important factor for binding. This direct rela-
tionship between dissociation constant and RNA length
suggests that in the context of a larger RNA, such as a
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Figure 3. TDG binds RNA in a length-dependent manner. Saturation
plots for binding of TDG to (GA),, and its truncations. Binding curves were
fit to three independent replicates. The Hill coefficient (h) is given, with 95%
Cls in parentheses. Representative EMSA data are shown in Fig. S5. EMSA,
electrophoretic mobility shift assay; TDG, Thymine DNA glycosylase.
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IncRNA or eRNA, the length of a G-rich motif (and poten-
tially the density of G within it) will play an important role in
determining where and how tightly TDG binds. Interestingly,
the Hill coefficient, /1, used to describe the cooperativity of
binding in systems with multiple simultaneous binding
events, also decreased as the RNA was shortened. This overall
behavior is consistent with a protein binding non-sequence-
specifically and cooperatively to multiple sites on the RNA
(35, 36). Indeed, similar behavior has been observed for other
promiscuous RNA-binding proteins, including those that
bind preferentially to G-rich sequences (37, 38). Crystal
structures show that TDG binds DNA with a footprint of
~10 bps, with the majority of interactions occurring at the
periphery (39, 40). One intriguing possibility is that TDG
binds RNA using the same surface as for DNA, resulting in an
RNA footprint of similar length. This could explain the very
weak affinity of TDG for short RNAs (<10 nt), as well as its
higher affinity and cooperativity for longer RNAs (=30 nt),
which can more easily accommodate multiple TDG mole-
cules. Future studies are needed to test this hypothesis.

TDG binds endogenous RNA sequences

Up to this point, our experiments had primarily employed
short, homopolymeric sequences. Therefore, we sought to
demonstrate TDG'’s ability to bind long, native RNA sequences
that have mixed base composition and are capable of folding
into intricate secondary structures in vivo. For these experi-
ments, we chose the IncRNA HOX antisense intergenic RNA
(HOTAIR) and the TFFI enhancer RNA transcript (TFFle)
(Table S3). HOTAIR has been shown to function as a mo-
lecular scaffold for several RNA-binding proteins (41),
including the G-rich RNA-binding polycomb repressive
complex 2 (PRC2) (30, 37), making it a good model for
studying such interactions. TFFle RNA is transcribed from the
TFF1I gene enhancer that is also bound by TDG, suggesting the
possibility of an interaction in vivo. We transcribed a 419-nt
fragment of HOTAIR and a 316-nt fragment of TFFle that
each contained ~60% G content (Table S3). As shown in
Figure 4 and Table 1, TDG bound tightly to both RNAs, but its
Ky for HOTAIR (39 nM, 95% CI 36—41 nM) was ~threefold

lower than for TFFle (104 nM, 95% CI 100-108 nM). Based
on our observations above, this likely can be attributed to
differences in sequence and folded secondary structure be-
tween these RNAs. These results confirm that TDG has the
capacity to bind endogenous RNA sequences and that our
prior results are not artifacts resulting from the use of short,
homopolymeric sequences.

TDG discriminates between single-stranded RNA and
single-stranded DNA

Having shown TDG’s preference for single-stranded RNA
(ssRNA), we considered whether TDG could bind single-
stranded DNA (ssDNA). Although ssDNA occurs rarely in
cells, we expected that any potential differences in binding
between these polymers could provide further insights into the
nature of TDG-RNA interactions. Therefore, we compared the
RNAs (GGAA);o and (GA)yo to their DNA counterparts,
d(GGAA)o and d(GA),, respectively, for binding to TDG. We
found that TDG had much less affinity for the ssDNAs than
their corresponding RNAs (Fig. 5 and Table 1), indicating that
TDG has a preference for ssSRNA over ssDNA.

Although poorly understood, the ability of RBPs to
discriminate ssSRNA from ssDNA of the same sequence are
most often attributed to specific interactions with the ribose
sugar (e.g;; hydrogen bonding with the 2’-hydroxyl group) and/
or differences in conformational flexibility between the two
polymers, with ssRNA being less flexible than ssDNA (42-45).
In order to probe the involvement of specific interactions with
the ribose sugar, we examined whether TDG could bind the
enantiomer of (GGAA);o, L-(GGAA);o, composed entirely of
L-ribose sugar units. If contacts with the sugar play an
important role in binding, then we expected that its complete
stereochemical inversion would alter the formation of these
interactions and potentially TDG’s ability to bind RNA.
Instead, we found that TDG bound L-(GGAA);( about as well
as native (GGAA),o (Fig. 5A4). Assuming TDG binds both
enantiomers through a similar set of residues, these data
suggest that TDG’s ability to discriminate between ssDNA and
ssRNA is not due to structure-specific interactions with the
ribose sugar.
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Figure 4. TDG binds endogenous RNA sequences. A, representative EMSA data for HOTAIR and TFF1e RNA sequences binding to TDG (0-2 puM). Un-
cropped gel images are presented in Fig. S12. B, saturation plots for binding of TDG to HOTAIR and TFF1e RNAs. Data are mean + S.D. (n = 3). EMSA,
electrophoretic mobility shift assay; HOTAIR, HOX antisense intergenic RNA; TDG, Thymine DNA glycosylase; TFF1e, TFF1 enhancer RNA transcript.
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Figure 5. TDG prefers binding RNA over ssDNA. Saturation plots for binding of TDG to (GGAA);, (A) and (GA),o (B) RNAs and their variants. Data are
mean + SD (n = 3). Representative EMSA data are shown in Fig. S6. TDG, Thymine DNA glycosylase; ssDNA, single-stranded DNA; EMSA, electrophoretic
mobility shift assay. EMSA, electrophoretic mobility shift assay; HOTAIR, HOX antisense intergenic RNA; TDG, Thymine DNA glycosylase; TFF1e, TFF1

enhancer RNA transcript.

TDG’s N- and C-terminal domains modulate RNA affinity and
selectivity

Work from our laboratory (46) and others (39, 47, 48) have
demonstrated the importance of TDG’s disordered N-terminal
domain (NTD; residues 1-111) and C-terminal domain (CTD:
residues 309—-410) for DNA binding and catalysis (Fig. 64). To
determine whether the NTD and/or CTD contribute to RNA
binding, and to gain insight into the overall RNA-binding
mechanism, we examined TDG variants lacking one or both
of these disordered domains. As shown in Figure 6B, deletion
of TDG’s NTD alone (TDG,y) had little effect on its affinity
and selectivity for RNA. Thus, despite the cation nature of the
NTD, especially residues 82 to 110, which are known to pro-
mote nonspecific DNA binding (39, 47, 48), the NTD does not
appear to contribute to RNA binding in the context of the
CTD. Similarly, deletion of both the NTD and CTD from TDG
(i.e., the catalytic domain; TDGc,,) had little effect on poly[G]
binding, although this truncation had increased affinity for Az,

and Cj relative to TDGgp and TDGay (Fig. 6B). This result
also indicates that the primary interactions between TDG and
G-rich RNA occur through the structured catalytic domain.
The most dramatic effects on RNA binding were observed
upon deletion of the CTD alone (TDGac). The affinity of
TDGc for G3y was increased nearly tenfold (Kyq = 45 nM, 95%
CI 44—47 nM) compared to the other variants tested (Fig. 6B).
Moreover, TDGxc bound tightly (Ky < 500 nM) and indis-
criminately to the other, non-G homopolymers Aj,, Cso, and
Usp. Together, these data suggest that, while TDG-RNA in-
teractions occur primarily through the catalytic domain in the
context of the full-length protein, deletion of the CTD results
in an additional, nonspecific RNA binding capacity through
the cationic NTD. This model is consistent with the known
ability of the CTD to destabilize interactions between cationic
residues within the NTD and negatively charged DNA (46, 47),
resulting in impaired DNA binding. Our results now suggest
that the CTD functions similarly in the context of RNA
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Figure 6. The influence of TDG’s NTD and CTD on RNA binding. A, TDG domains discussed in this work. The basic patch within the NTD (residues
82-110) is highlighted. B, TDG truncations tested (left) and their affinity for homopolymeric RNAs (right). Shown are Ky values (nM) with 95% Cls in pa-
rentheses (n = 3). Representative EMSA data and saturation binding plots are shown in Figs. S7-59. EMSA, electrophoretic mobility shift assay; TDG, Thymine

DNA glycosylase; NTD, N-terminal domain.
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binding by preventing the cationic NTD from engaging RNA.
The increased affinity of TDGc,; for A3y and Csq relative to
TDGg. and TDGpy also suggests that the CTD influences
RNA binding by the structured catalytic domain. Thus, the
CTD plays an important role in modulating TDG’s affinity and
selectivity for RNA through several mechanisms.

RNA competes with DNA for binding to TDG

The observation that TDG’s catalytic domain alone (TDGc,,)
binds tightly to RNA raised the possibility that RNA and DNA
compete for the same binding site on TDG. Therefore, we
carried out a competition experiment by titrating unlabeled
RNA with pre-formed TDG-DNA complexes (Fig. 7A). For
these experiments, we employed a DNA duplex (DNApy)
containing the non-cleavable substrate analogue 2'-deoxy-2'-
fluoroarabinouridine (FU) to monitor TDG binding in the
absence of base excision (Table S1) (49). Combining DNApy
(100 nM) with twofold excess TDG (200 nM) resulted in the
formation of both 1:1 and 2:1 TDG/DNApy complexes as
observed by EMSA (Fig. 7A). Previous studies have shown that
the 1:1 complex corresponds to a single TDG subunit bound
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Figure 7. RNA and DNA compete for binding to TDG. A, preformed
complexes between DNAg, (100 nM) and TDG (200 nM) are disrupted by
Gso RNA (left) but not Asy RNA (right). The “DNA”" marker indicates DNAg in
the absence of TDG and RNA. The percent free (unbound) DNAgy is indi-
cated underneath each lane. B and C, TDG-mediated excision of DNA (B)
and DNA; (Q) is inhibited by RNA. For each reaction, the DNA substrate
(100 nM) was mixed with the indicated concentration of Gso RNA or 5 uM
Aso RNA (A3 in the legend) followed by the addition of TDG (200 nM). Data
are mean + S.D. (n = 3). TDG, Thymine DNA glycosylase.
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tightly to the FU site (substrate complex), whereas the 2:1
complex corresponds to a second TDG subunit bound weakly
to an adjacent undamaged site (nonspecific complex) (40, 50).
Importantly, both the substrate and nonspecific complexes are
formed through the same binding site on their respective
TDGs. As shown in Figure 74, the addition of G3g RNA led to a
concentration-dependent decrease in both the 1:1 and 2:1
TDG-DNAry complexes. In agreement with affinity measure-
ments (50), disruption of the tighter 1:1 complex between TDG
and FU required much higher RNA concentrations when
compared to the weaker, nonspecific 2:1 complex. In contrast
to Gsg, Az, which binds very weakly to TDG, had a very
modest effect on TDG-DNApy complexes, even at the highest
RNA concentration tested. Together, these data support the
conclusion that DNA and RNA share the same or mutually
exclusive binding sites on TDG.

The competition between DNA and RNA for binding to
TDG suggested that RNA can inhibit base excision by
competing against DNA for the enzyme. Therefore, we
monitored TDG-mediated excision of DNA containing GeT
and GeU mismatches (DNA1 and DNAy, respectively) in the
presence of RNA (Fig. 7B and C and Table S1). For both le-
sions, we found that the extent of excised DNA was reduced by
the presence of G3y RNA in a concentration-dependent
manner. The effect of RNA on TDG-mediated excision was
greater for GeT mismatches (DNAT) compared to GeU mis-
matches (DNAy), with the presence of 5 uM G3, leading to
nearly complete inhibition of GeT processing. Again, this
observation is consistent with the much higher affinity of TDG
for GeU relative to G®T mismatches (Kq = 0.6 nM and 18 nM,
respectively) and further supports a competitive binding model
(50). Excision of both mismatches by TDG was also inhibited
by native TFFle RNA (Fig. S10), demonstrating that these
effects are not an artifact of G3y RNA. As expected, Az, which
binds very weakly to TDG and competes weakly for DNA
binding, had little effect on TDG-mediated excision of both
mismatches at the highest RNA concentration tested (5 uM)
(Fig. 7, B and C).

Discussion

In this study, we provided the first quantitative measure-
ments of the affinity of TDG to RNA, clearly demonstrating
that RNA binding is a fundamental property of TDG. We
showed that TDG’s interactions with RNA are dependent on
its sequence and secondary structure, with TDG binding
preferentially to G-rich RNA sequences. Moreover, we
demonstrated that RNA competes with DNA for binding to
TDG, providing a novel mechanism through which RNA can
regulate TDG-mediated excision. While a link between RNA
and TDG-mediated processes (e.g., DNA demethylation) has
been established in cells (21, 23, 24, 51), the molecular in-
teractions underlying these relationships have remained poorly
understood. The results presented herein provide support for
and new insights into a mechanism wherein TDG-mediated
processes are regulated through the direct interactions of
TDG with RNA.
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The average human cell contains around 10 pg total RNA
(52). Assuming a cellular volume of ~3000 fl (for HeLa cells)
(53-55), we estimate the cellular concentration of a 40-mer
unit of RNA to be ~250 uM. Thus, the affinity of TDG to
G-rich RNA (K4 ~ 200-500 nM) is likely to be biologically
meaningful, even if only a small fraction of this RNA is
available for binding. Moreover, our data show that TDG binds
G-rich RNA as well as non-specific double-stranded DNA
in vitro (Kq ~ 300 nM). Considering that the vast majority of
cellular DNA is wrapped into nucleosomes, which inhibit
DNA binding by TDG, it is reasonable to predict that the
competition between DNA and RNA binding could be wide-
spread in cells and may play an important role in localizing
TDG to specific sites throughout the genome (discussed
below). A competitive binding model also has important im-
plications for the regulation of TDG activity. As we showed
previously, RNA had a much greater influence on GeT pro-
cessing compared to GeU processing, suggesting a role for
RNA in directing TDG’s substrate selectivity. Regardless of the
nucleobase substrate, however, TDG binds very tightly (K4 ~
1 nM) to its AP site product (50, 56, 57). Thus, even in the
presence of very high RNA concentrations, TDG is likely to
remain bound to the AP site following excision to facilitate the
handover of this reactive intermediate to the downstream-
acting enzymes of BER. Of course, it is entirely likely that we
have not yet identified the ideal RNA substrate for TDG and
that sequences with much higher affinity exist in cells. Our
results also do not consider the influence of other proteins or
ribonucleoproteins. Therefore, particular biological situations
may exist wherein TDG’s affinity for RNA is substantially
greater than that reported herein.

While further biochemical studies are underway to uncover
the molecular mechanisms of RNA recognition by TDG, our
results provide initial insight into how TDG binds RNA. In
particular, TDG’s strong preference for binding to G-rich RNA
sequences and its inability to differentiate between a D- and L-
ribose sugar backbone strongly indicate that nucleobases play
a more dominant role than the sugar/phosphate backbone in
TDG-RNA interactions. Our observation that TDG binds
weakly to double stranded RNA is also consistent with a
binding mode that is reliant on interactions with the nucleo-
bases, which are disfavored with duplex RNA (58, 59). This
also implies that the interactions between TDG and RNA are

not primarily electrostatic. Instead, TDG may rely more
heavily on hydrophobic and/or m-interactions to bind RNA.
RNA-protein 1 interactions, which are predominantly formed
between RNA nucleobases and m-containing amino acids, have
been shown to play particularly central roles in RNA—protein
complexes and contribute considerable stability and selectivity
to protein—RNA binding (42, 44, 60). Analyses of m in-
teractions occurring in protein-RNA crystal structures
consistently find that most contacts occur with phenylalanine
(F) and tyrosine (Y), which prefer a stacked orientation (i.e., 1-
stacking) relative to the RNA nucleobases (44, 61, 62). Inter-
estingly, the catalytic core of TDG, which appears to be the
primary binding site for RNA, has an abundance of these
residues (F = 11, Y = 8; 10% of the total amino acids). The
catalytic domain also contains eight arginine (R) residues,
including R275 within the “insertion loop”, which contacts
with both strands of the DNA substrate (40). Coincidentally,
the insertion loop appears to confer CpG sequence specificity
through its interactions with guanine. Like F and Y, R has the
propensity to form m—m interactions with nucleobases (44), as
well as cation—m interactions, which have been shown to favor
G (63). Arginine is also among the most frequent amino acid
to form base-specific hydrogen bonds with RNA, providing a
potential strategy for G selectivity (58, 59, 64, 65). These ob-
servations suggest a potential starting point for identifying key
TDG-RNA contacts.

Our results also point to an important role for the CTD in
modulating TDG’s affinity and selectivity for RNA. We found
that deletion of the CTD resulted in an overall increase in
RNA affinity, especially when the cationic NTD was present
(Fig. 6). The CTD has been shown to destabilize interactions
between cationic residues within the NTD and negatively
charged DNA, possibly through direct interactions, resulting
in impaired DNA binding (47). Our results now suggest that
the CTD functions similarly in the context of RNA binding by
preventing the cationic NTD from engaging RNA. The pro-
posed model for RNA binding depicted in Figure 8 summa-
rizes our findings. This model raises the intriguing possibility
that posttranslational modification of the CTD (eg,
SUMOylation) and/or its interactions with other proteins
could enable TDG-RNA interactions to be tuned to fit specific
biological contexts (48). Additional studies are needed to
explore these ideas further.

DNA

Figure 8. Proposed model for TDG binding to RNA. TDG binds preferentially to G-rich RNA sequences through its structure catalytic domain, resulting in
a competition between RNA and DNA for binding to TDG. The CTD prevents nonspecific electrostatic interactions between RNA and the cationic NTD,
possibly through direct interactions between the two domains, promoting G-selectivity at the cost of RNA affinity. Upon deletion of the CTD, electrostatic
interactions between the NTD and RNA are thus increased, leading to tighter overall binding but reduced selectivity for G. CTD, C-terminal domain; NTD, N-

terminal domain; TDG, Thymine DNA glycosylase.
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Finally, our findings have important implications for the
role of RNA in the active DNA demethylation pathway, in
which TDG plays an essential role (8, 9). Active DNA
demethylation occurs at specific promoter and enhancer se-
quences in response to developmental or environmental
signals and is often restricted to a few CpG dinucleotides (16,
17, 21). Yet, it remains unclear how this precision is achieved.
While interactions between sequence-specific transcription
factors and proteins involved in DNA demethylation,
including TDG, are known to play a role in targeting DNA
demethylation to specific genes, emerging evidence also
supports the involvement of RNA (18, 19, 66). Several studies
have shown that IncRNAs, which can bind to complementary
DNA sequences, can serve as guides to recruit components of
the DNA demethylation machinery to specific locations on
the genome (23, 24, 67). The IncRNA TETILA, for example,
was shown to function as a scaffold to recruit TET2 and TDG
to the matrix metalloproteinase-9 promoter (MMP-9), lead-
ing to promoter-specific demethylation and MMP-9 expres-
sion (24). Our results provide further support for this model
and, specifically, a role for RNA in directing TDG activity.
TDG’s selectivity toward single-stranded G-rich sequences
also supports this view, as any model involving RNA-
mediated targeting implies some level of specificity. In addi-
tion to recruitment, our results suggest a role for RNA in
modulating TDG-mediated removal of 5fC/5caC from DNA
through a competitive binding mechanism. Indeed, TDG
binds 5fC/5caC-containing CpG dinucleotides with a Ky
similar to GeT mismatches (50), indicating that RNA will also
compete with these substrates for binding to TDG. Thus, for
genes that require TDG-mediated demethylation for activa-
tion, the local concentration of RNA may prove to be
important not only for TDG occupancy but also for coordi-
nating the timing of 5fC/5caC removal.

Experimental Procedures
Reagents

Oligonucleotides were either purchased from Integrated
DNA Technologies (IDT) or prepared in-house by solid-phase
synthesis on an Expedite 8909 DNA/RNA synthesizer using
protocols recommended by the manufacturer. Nucleoside
phosphoramidites and other solid-phase synthesis reagents
were purchased from Glen Research. Sulfo-Cyanine3 (Cy3)
and Cyanine5 (Cy5) hydroxysuccinimide (NHS) ester dyes (cat.
nos. 21,320, 23,320) were purchased from Lumiprobe Life
Science Solutions, In vitro transcribed RNA was purified using
the Monarch RNA Cleanup Kit (cat. no. T2030L) purchased
from New England BioLabs.

Expression and purification of TDG

Full-length human TDG and truncated TDG variants used
herein were expressed and purified as described previously (68,
69). Purified proteins were stored at —80 °C in HP50 buffer
(50 mM HEPES, pH 8, 50 mM NaCl, 10% glycerol, 10 mM
BME, 1 mM PMSF) until use.
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RNA synthesis and purification

All synthetic RNA oligonucleotides (Table S1) were prepared
in house using protocols recommended by the manufacturer.
Prior to use, oligonucleotides were purified by 20% denaturing
PAGE (19:1 acrylamide:bisacrylamide). Excised bands con-
taining the purified oligonucleotides were eluted overnight at
23 °C in a buffer containing 200 mM NaCl, 10 mM EDTA, and
10 mM Tris (pH 7.6). The gel fragments were removed from
the solution by centrifugation, and the eluted oligonucleotides
were concentrated using a 3 kDa pore-size Amicon Ultra
Centrifugal Filter (MilliporeSigma). The concentrated samples
were then desalted by ethanol precipitation, and the final
concentration was determined using the absorbance at 260 nm
on a NanoDrop 2000c (ThermoFisher). The identity of all novel
oligonucleotides was confirmed by MS (Figs. S20-S27).

Oligonucleotides were fluorescently labeled using Sulfo-Cy3
and -Cy5 NHS ester dyes via conjugation to the 3' end of ol-
igonucleotides using a 3'-amino modification (3'-amino-
modifier C6 CPG) incorporated during synthesis. The conju-
gation was completed by combining the amino-modified
oligonucleotide at 100 pM with a 5 mM final concentration
of dye NHS ester in 0.1 M sodium bicarbonate buffer (pH 8.5).
The conjugation reaction was shaken overnight at 23 °C. To
remove excess dye, samples were ethanol precipitated and
purified once more via 20% denaturing PAGE, as described
previously. Stock solutions were prepared by dilution of the
oligonucleotide to 100 nM in folding buffer (25 mM NaCl,
10 mM HEPES (pH 7.8), 0.1 mM PMSF, and 50 mM KCl).

HOTAIR and TFFle RNAs were prepared by in vitro
transcription from the corresponding DNA templates
(Tables S2 and S3). The DNA template used to transcribe
TFFle RNA, referred to as TFFle-DNA, was generated by PCR
amplification of 150 ng of human genomic DNA using primers
TFF1eFWD and TFF1eREV (Table S2) employing Phusion
High-Fidelity DNA Polymerase according to the manufac-
turer’s instructions. Similarly, the DNA template used to
transcribe HOTAIR RNA, referred to as HOTAIR-DNA, was
generated by PCR amplification of 150 ng of human genomic
DNA wusing primers HOTAIRFWD and HOTAIRREV
(Table S2). Following PCR amplification, TFFle-DNA and
HOTAIR-DNA were purified and desalted using the GenCatch
Advanced PCR Extraction kit and used in an in vitro tran-
scription reaction without further purification. Transcription
reactions were carried out using 200 pmol of DNA template
per 100 pl total reaction volume. The reaction mixture con-
sisted of 10 U/ul T7 RNA polymerase, 0.001 U/ul Inorganic
pyrophosphatase (IPP), 25 mM MgCl,, 2 mM spermidine,
10 mM DTT, 40 mM Tris (pH 7.9), 5 mM of each of the four
NTPs, and 0.5 mM 5-aminoallyl-UTP. The reaction mixture
was incubated at 37 °C for 2 h followed by the addition of 2 U
of Turbo DNAses (Life Tech, Carlsbad, CA). After 30 min at
37 °C, the transcribed RNA was purified using the Monarch
RNA Cleanup Kit. Labelling was carried out as described
earlier using Sulfo-Cy5 NHS ester dye. After the labeling was
complete, RNAs were ethanol precipitated and purified via
20% denaturing PAGE as described above.
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Electrophoretic mobility shift assays

The dissociation constant (Kq) of TDG and its truncated
variants for the various RNA ligands were determined by
EMSA as described previously (30). Briefly, 5 to 50 nM Cy5-
labeled RNA was mixed with various concentration of TDG
in a reaction mixture containing 37.5 mM NaCl, 12.5 mM KCl,
10 mM HEPES (pH 7.8), 2.5 mM BME, and 5% glycerol. After
incubating for 30 min at 23 °C, an aliquot was removed and
loaded on a nondenaturing 1% agarose gel buffered with
1xTBE at 4 °C. Electrophoresis was carried out for 45 min at 6
to 8 V/cm (0.75 mm thick gel) and the gel visualized using a
Typhoon FLA-9500 Molecular Imager (General Electric Co).
Images were quantified using ImageQuant TL software imager
(GE Healthcare Lifesciences). The area around the unbound
species was tightly boxed, whereas the area for the bound
species included both the discretely shifted band(s) and the
area between the bands. Thus, any intermediate species were
included in the bound fraction. Equations for specific binding
with Hill slope were fit using GraphPad Prism 9 Version 9.4.1.
Uncropped gel images are presented in the Supporting Infor-
mation (Figs. S11-S19).

Circular dichroism spectroscopy

Oligonucleotides (5 uM) were folded in a buffer containing
375 mM NaCl, 12.5 mM KCl, 10 mM HEPES (pH 7.8),
2.5 mM BME, and 5% glycerol. Circular dichroism spectra
were obtained from a 350 pl sample in a quartz cuvette using
an Applied Photophysics Chirascan spectrophotometer
(Leatherhead) at 1 nm intervals from 220 to 370 nm at room
temperature.

DNA competition experiments

The double-stranded DNA substrate DNAgy; was prepared
by annealing 6 pM each FU-FWD and FU-REV (Table S1) in a
buffer consisting of 50 mM NaCl and 20 mM HEPES (pH 7.8).
The reaction mixture was heated at 95 °C for 1 min and slowly
cooled down to room temperature. DNA competition exper-
iments were analyzed using electrophoretic mobility shift as-
says (EMSAs). To generate preformed DNAp,/TDG
complexes, DNApy (100 nM) was mixed with TDGg,
(200 nM) in a buffer consisting of 25 mM NaCl, 10 mM Tris
(pH 7.6), and 5% glycerol. The reaction mixture was incubated
at 30°C for 30 min before the indicated concentrations
(50-5000 nM) of RNA (G3 or Asy) were added. After incu-
bating at 30 °C for another 30 min, an aliquot was loaded onto
a 10% native PAGE (19:1 acrylamide:bisacrylamide) containing
0.5x TBE and 5% glycerol. Electrophoresis was carried out for
45 min at 6 to 8 V/cm (0.75 mm thick gel) at 4 °C, and the gel
was visualized using a Typhoon FLA-9500 Molecular Imager
as described above.

Glycosylase assays

The double-stranded DNA substrates DNAy and DNAt
were prepared as described above by annealing 6 uM each dU-
FWD with dU-REV and dT-FWD with dT-REV, respectively

SASBMB

(Table S1). Glycosylase reactions were prepared by mixing
100 nM DNA substrate with the indicated concentration of
RNA in a buffer consisting of 25 mM NaCl, 2.5 mM MgCl,,
and 10 mM HEPES (pH 7.8). Experiments were initiated by
adding TDG (200 nM) to the buffered substrates and were
allowed to incubate at 30 °C. Aliquots (2 pl) were removed at
the indicated times and quenched by the addition of a solution
(2 pl) of 1% SDS in water. The AP site product was then
cleaved by the addition of an equivalent volume of 0.2 M
NaOH, followed by the addition of 8 pl of denaturing loading
buffer (90% formamide, 10 mM EDTA, pH 8). Products were
resolved by 20% denaturing PAGE (19:1 acryl-
amide:bisacrylamide), and the gel was visualized using a
Typhoon FLA-9500 Molecular Imager as described previously.

Data Availability

The data generated during all experiments is available from
the author upon reasonable request.
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