
2450–2459 Nucleic Acids Research, 2021, Vol. 49, No. 5 Published online 8 February 2021
doi: 10.1093/nar/gkab040

Reversible chromatin condensation by the DNA repair
and demethylation factor thymine DNA glycosylase
Charles E. Deckard, III and Jonathan T. Sczepanski *

Department of Chemistry, Texas A&M University, College Station, TX 77843, USA

Received August 18, 2020; Revised January 06, 2021; Editorial Decision January 07, 2021; Accepted January 12, 2021

ABSTRACT

Chromatin structures (and modulators thereof) play
a central role in genome organization and func-
tion. Herein, we report that thymine DNA glycosy-
lase (TDG), an essential enzyme involved in DNA
repair and demethylation, has the capacity to al-
ter chromatin structure directly through its physi-
cal interactions with DNA. Using chemically defined
nucleosome arrays, we demonstrate that TDG in-
duces decompaction of individual chromatin fibers
upon binding and promotes self-association of nu-
cleosome arrays into higher-order oligomeric struc-
tures (i.e. condensation). Chromatin condensation
is mediated by TDG’s disordered polycationic N-
terminal domain, whereas its C-terminal domain an-
tagonizes this process. Furthermore, we demon-
strate that TDG-mediated chromatin condensation is
reversible by growth arrest and DNA damage 45 al-
pha (GADD45a), implying that TDG cooperates with
its binding partners to dynamically control chromatin
architecture. Finally, we show that chromatin con-
densation by TDG is sensitive to the methylation sta-
tus of the underlying DNA. This new paradigm for
TDG has specific implications for associated pro-
cesses, such as DNA repair, DNA demethylation, and
transcription, and general implications for the role of
DNA modification ‘readers’ in controlling chromatin
organization.

INTRODUCTION

Eukaryotic genomes are hierarchically organized into a nu-
cleoprotein complex called chromatin. Nucleosomes, the
basic unit of chromatin, interact with each other over short
distances to form locally compact structures (e.g. 30 nm di-
ameter fibers) that modulate DNA accessibility at the level
of single genes (1). On a larger scale, long-range chromatin
fiber contacts within and between chromosomes drive the
condensation of chromatin into distinct structural domains

that are key to genome organization and function (2). Un-
raveling the molecular mechanisms underlying the forma-
tion and regulation of these locally and globally condensed
chromatin structures, and identifying the protein factors in-
volved, is essential for understanding the fundamental ge-
nomic processes of the cell.

Thymine DNA glycosylase (TDG) was originally de-
scribed as a DNA repair enzyme capable of excising pyrimi-
dine bases from G•T pairs that arise from 5-methylcytosine
(5mC) deamination (3,4). However, it is now clear that
TDG’s role in biology extends well beyond DNA re-
pair. As the only known enzyme capable of removing 5-
formylcytosine (5fC) and 5-carboxycytosine (5caC) from
DNA in mammals (5,6), TDG plays an essential role in
controlling DNA methylation dynamics (7,8). In addi-
tion to its catalytic roles, TDG has been shown to func-
tion as a transcriptional co-activator through its associa-
tion with various transcription factors and activating his-
tone modifiers (9,10), such as the histone acetyltransferases
CBP and p300 (11), thereby coordinating the formation of
a transcriptionally permissive chromatin state. TDG also
mediates long-range physical contacts between promoters
and enhancers at a subset of hormone responsive genes
(12,13). Interestingly, some TDG-bound enhancers are in-
corporated into phase-separated transcriptional compart-
ments along with other TDG-interacting proteins, further
connecting TDG with chromatin architecture (14). While
TDG’s role in chromatin organization is generally viewed as
indirect, we recognized that TDG possesses several features
that suggest it may have the capacity to alter chromatin
structure directly: TDG binds non-specifically to DNA (15)
and nucleosomes (16) in vitro and contains an intrinsically
disordered lysine-rich regulatory domain that closely resem-
bles the C-terminus of linker histone H1, a basic peptide
known to promote chromatin fiber folding and condensa-
tion (17–19). Herein, we now provide the first experimental
evidence that TDG can directly alter chromatin structure
through its physical interactions with DNA. Importantly,
we show that TDG promotes condensation of chromatin
fibers into higher-order oligomeric structures, thereby link-
ing TDG-dependent pathways to long-range chromatin or-
ganization.
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MATERIALS AND METHODS

Reagents

Restriction enzymes (EcoRV, PflMI, BstXI, DraIII-HF,
HaeII, DraI), UDG, hSMUG, NEB Next dsDNA Frag-
mentase, M.SssI CpG Methyltransferase, and micrococcal
nuclease (MNase) were purchased from New England Bio-
labs (Ipswich, MA). Maleimide-Cy3 and Cy5 dyes (cat. nos.
21380, 23380) used in the labeling of H2AN110C were ac-
quired from Lumiprobe Life Science Solutions (Hunt Val-
ley, MD, USA). Sequencing grade trypsin (cat. no. 90057)
was purchased from Fisher Scientific (Waltham, MA,
USA). Synthetic oligonucleotides were either purchased
from Integrated DNA Technologies (IDT) or prepared by
solid-phase synthesis on an Expedite 8909 DNA/RNA syn-
thesizer using standard methods. DNA synthesis reagents
and nucleoside phosphoramidites were purchased from
Glen Research (Sterling, VA, USA). Mixed human ge-
nomic DNA (cat. no. G3041) was purchased from Promega
Corp. (Madison, WI, USA). Tail-less histone proteins (H3
residues 38–135, H4 residues 17–99) were purchased from
the Histone Source (Ft. Collins, CO, USA). Histone H1.1
(cat. no. ab198676) was purchased from Abcam (Cam-
bridge, MA, USA).

Methods

Histone preparation and octamer refolding. Recombinant
human histones (H2AN1110C, H2A.1, H2B.1, H3.1 and
H4.1) were expressed and purified using established proto-
cols (20,21). Histone H2AN1110C was fluorescently labeled
with maleimide Cy3 and Cy5 dyes using an established pro-
tocol (22), and histone octamers were refolded and purified
as previously described (20,21). Purified histone octamers
were stored at 4◦C in Octamer Buffer (2 M NaCl, 5 mM
BME, 0.2 mM PMSF, 10 mM HEPES, pH 7.8) until fur-
ther use.

Protein expression and purification. Full-length human
TDG (410 amino acids) and truncated TDG variants were
expressed in Escherichia coli and purified as described pre-
viously (16). Expression plasmids for all truncated TDG
variants were generated by deleting the corresponding nu-
cleotides from plasmid pET28a-hTDG (16) using inverse
PCR followed by re-ligation of the linearized plasmid. All
truncated TDG variants were confirmed to be catalytically
active using a 5fC-containing DNA duplex as previously
reported (16). The codon optimized gene fragments for ex-
pression of LANA-TDG1–110, LANA-TDG309–410, and full-
length human GADD45a (UniProt identifier: P24522) were
purchased as gBlock Gene Fragments from IDT and assem-
bled by PCR as recommended by the manufacturer. The
assembled DNA was cloned into the pET28a expression
vector (Novagen) between the HindIII and NdeI restric-
tion sites, generating plasmids pET28-LANA.1–110TDG,
pET28-LANA.309–410TDG, and pET28a-GADD45, re-
spectively. Correct assembly of all plasmids was verified by
DNA sequencing (Eton Bio, San Diego, CA, USA).

LANA-TDG fusion proteins were expressed and purified
as other TDG variants, except no activity screening was
carried out. For GADD45a preparation, the plasmid as-

sembled above (pET28a-GADD45) was transformed into
BL21 (DE3) cells and the outgrowth (0.8 ml) was used to
seed 1 × 100 ml cultures of 2YT media suuplemented with
50 �g/ml Kanamycin. After shaking overnight at 37◦C, 25
ml of overnight culture was used to innoculate 4 × 1 l of
2YT media supplemented with 50 ug/ml Kanamycin. The
cells were grown to an OD600 ∼0.800 at 37◦C with vigorous
shaking and expression was induced with 0.2 mM IPTG at
37◦C for 5 h. Next, the cells were pelleted by centrifugat-
ing at 3900 RPM for 60 min using a swinging bucket rotor
(4◦C) and the resulting cell pellet was resuspended in Buffer
H10 (50 mM HEPES, pH 8.0, 300 mM NaCl, 10% glycerol,
10 mM imidazole, 5 mM BME); 40 ml of Buffer H10 was
used per 1 l of cell culture. To begin lysis, the resuspended
cell pellet was frozen at –80◦C (until solid) and then thawed
on water at 4◦C. The cells were further lysed by sonicating
on ice for 5 min, and lysates were cleared by centrifugation
(10 000 × g, 60 min) and subsequently filtered with a 0.2
um syringe tip filter. The filtered lysate was applied to a 5
ml HisTrap FF column (GE Healthcare Lifesciences) equi-
librated with 5 column volumes (CV) of Buffer H10. The
protein-bound resin was then washed with a 10 CV Buffer
H10, then GADD45 was eluted with a linear gradient (0
→100%) of buffer H1000 (buffer H10 supplemented with 1
M imidazole) over 10 CV. Fractions containing pure protein
were combined and exchanged into Buffer HP50 (50 mM
HEPES, pH 8, 50 mM NaCl 10% glycerol, 10 mM BME,
1 mM PMSF) using a 5 ml HiTrap Desalting column (GE
Healthcare Lifesciences). Protein samples were stored at –
80◦C until use.

Preparation of DNA templates. The DNA templates (12-
601 and 12-601-FRET) used to reconstitute nucleosome ar-
rays consisted of 12 copies of the ‘Widom 601′ positioning
sequence, each of which is separated by 30 bp of linker DNA
(Supplementary Figure S1). These DNAs were assembled
as previously described (16,20). See Supplementary Figure
S1 caption for details.

Reconstitution of mononucleosomes and nucleosome arrays.
Reconstitution of both mononucleosomes and nucleosome
arrays was carried out via slow salt dialysis as before (20)
using histone octamers described above. Immediately fol-
lowing the reconstitution step, samples were centrifuged at
13 000 × RPM for 20 min and the resulting pellets were dis-
carded. Soluble chromatin substrates were stored at 4◦C in
buffer NB (25 mM NaCl, 0.1 mM PMSF, 10 mM HEPES,
pH 7.8) for later use. Reconstituted arrays were analyzed
by 0.6% agarose gel electrophoresis (Supplementary Fig-
ures S1b, S1e, S5c and S6b) and reconstituted mononu-
cleosomes were analyzed by 5% native PAGE (59:1 acry-
lamide:bisacrylamide) (Supplementary Figure S2) to check
for free DNA. Nucleosome arrays reconstituted from DNA
template 12-601 and 12–601-FRET (Supplementary Figure
S1) are referred to as 12-NCP and 12-NCP-FRET, respec-
tively.

In the case of human genomic DNA, reconstitution by
salt dialysis was conducted as described above, however,
the histone octamer:DNA ratios were varied more broadly
(0.5:1 – 3.0:1) to identify a suitable ratio for producing sol-
uble nucleosome arrays. In our hands, a ratio of 0.75:1 (oc-
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tamer:DNA) most efficiently reconstituted fragmented hu-
man genomic DNA into chromatin (Supplementary Figure
S5).

Nucleosome occupancy assay. Nucleosome saturation of
arrays was confirmed by digestion of ∼150 ng (∼ 120 fmol)
of reconstituted arrays with 7.5 units PflMI and BstXI in
buffer NB supplemented with 2 mM MgCl2. Free 12-601
DNAs were also digested under the same conditions, and
both sets of samples (naked DNA and arrays) were ana-
lyzed side-by-side with native PAGE (5%, 59:1, acrylamide:
bisacrylamide) (Supplementary Figure S1c, S1f and S5c).
Prior to gel loading, the final glycerol concentration was
adjusted to 5% using a solution consisting of nucleosome
buffer supplemented with 30% glycerol. The presence of a
nucleosome band as well as the absence of significant free
DNA (<1%) demonstrates full nucleosome occupancies in
these reconstituted arrays.

Micrococcal nuclease digestion of free and bound arrays.
The presence of well positioned 147 bp-nucleosomes was
confirmed for 12-NCP arrays by complete micrococcal nu-
clease (MNase) digestion (Supplementary Figure S5c). Ar-
rays (150 ng) were digested with 12 units of MNase, in a 20
�l reaction, for 10 min at 37◦C in buffer NB supplemented
with 0.1 mM MgCl2. Reactions were stopped with the ad-
dition of SDS loading buffer (LB) to final concentrations
of 0.1% SDS and 5% glycerol. The fully digested DNA was
analyzed on a 1% agarose gel and visualized by ethidium
bromide staining. Nucleosome occupancy following recon-
stitution of human genomic DNA was confirmed in a sim-
ilar manner (Supplementary Figure S5c).

For the TDG protection assay (Figure 1D), 12-mer arrays
(5 nM) were pre-incubated with 0.1, 0.5, or 1 �M TDG in a
25 �l reaction mixture containing buffer NB supplemented
with 0.2 mM MgCl2 for 15 min at 37◦C. At that point, 2.7
�l of MNase reaction buffer (1.5 U/�l MNase and 0.2 mM
MgCl2) was added and the reaction was allowed to pro-
ceed at 37◦C. Aliquots were taken at the indicated times and
quenched with SDS LB as before. Digestion reactions were
analyzed by 0.7% agarose (1 × sodium borate (SB) buffer,
195 V, 25 min) and visualized by ethidium bromide staining.

Analysis of chromatin fiber compaction via intra-fiber FRET.
Intra-fiber compaction experiments were carried out as pre-
viously reported using an identically labeled nucleosome
array (12-NCP-FRET) (Supplementary Figure S1) (16).
Briefly, 10 nM 12-NCP-FRET arrays were equilibrated in
buffer NB supplemented with 2 mM MgCl2 at 37◦C for 5
min. At that point, either 200 nM TDG or 500 nM FOXA1
was added, and the reaction mixture was incubated for
an additional 20 min at 37◦C prior to being transferred
to a Nunc 384-Well Optical (glass) Bottom Plate (Ther-
mofisher). The plate was imaged using a Typhoon multi-
mode imager (GE Healthcare Lifesciences), and fluores-
cence intensities were corrected for spectral overlap and di-
rect acceptor excitation as previously described (16,23,24).
FRET efficiency (E) was calculated via the equation below:

E = Fcorr

Fcorr + γ D

where Fcorr and D are corrected intensities from the transfer
and donor channels, respectively, and γ represents the de-
tection factor as described in the Supplementary Methods
section.

Electrophoretic mobility shift assays (EMSA). The bind-
ing affinity of TDG to naked DNA and mononucleosomes
was determined by EMSA (Supplementary Figure S2). 5′-
[32P]-labeled 601 DNA or mononucleosomes (5 nM) were
incubated with the indicated concentrations of TDG (0–1
�M) in buffer NB supplemented with 0.2 mM MgCl2 and
5% glycerol. The binding reactions were carried out at 37◦C
for 20 min and were resolved by 5% native PAGE (59:1 acry-
lamide:bisacrylamide), which were run at 160 V for 30 min
at 4◦C. The gel was visualized using a GE Typhoon gel im-
ager and quantified using ImageQuant TL software imager
(GE Healthcare Lifesciences).

Analysis of chromatin oligomerization via precipitation.
Chromatin oligomerization was determined by precipita-
tion as previously described (22,25). Briefly, nucleosome ar-
rays (5 nM) were incubated in the presence of the indicated
protein in a reaction mixture consisting of buffer NB for 10
min at 37◦C. Unless indicated otherwise (Supplementary
Figure S3a), Mg2+ (MgCl2) was not included in the reac-
tion mixture. Following the incubation, samples were cen-
trifuged (13 000 RPM) at 4◦C for 15 min and an aliquot of
the supernatant was combined with SDS LB and analyzed
by 0.7% agarose gel electrophoresis (1 × SB Buffer, 195 V,
20 min).

Generation of histone tail deleted nucleosome arrays. Nu-
cleosome arrays lacking individual tail domains (Supple-
mentary Figure S4) were reconstituted using 12-601 DNA
and recombinant histone octamers, refolded from either
H3 or H4 tail-deleted proteins (globular domains only,
H3 residues: 38–135 and H4 residues 17–99). Nucleo-
some arrays lacking all histone tail domains were gener-
ated via Trypsin digestion of intact 12-NCP arrays. Briefly,
lyophilized Trypsin was dissolved in 50 mM acetic acid (100
ng/�l) and diluted 1:1 with 250 mM TRSI (pH 7.9). Nu-
cleosome arrays (25 nM) were then digested with 0.5 ng/�l
Trypsin at room temperature for 30 minutes. Reactions were
quenched by addition of TQ buffer (final concentration: 50
ng/�l aprotinin, 0.25 mg/ml BSA, 10 mM HEPES pH 7.8,
25 mM NaCl, 0.1 mM PMSF) and samples were stored on
ice until time of use. Successful tail removal was confirmed
by native and denaturing gel electrophoresis (Supplemen-
tary Figure S4a).

Fragmentation of human genomic DNA. Human genomic
DNA was thawed on ice, and then 20 �g was diluted into
180 �l of 1.1 × NEB NEXT® dsDNA Fragmentase®

buffer. Next, the Fragmentase stock solution was vortexed
for 3 s and then 20 �l of enzyme was added directly to the
DNA mixture, bringing the total volume to 200 �l. The fi-
nal reaction mixture was vortexed for an additional 3 s, then
incubated at 37◦C for 8 min, with gentle vortexing every 2
min. The reaction was quenched by addition of SDS to a fi-
nal concentration of 0.1%, and successful generation of 0.5–
3 kb DNA fragments was confirmed by agarose gel (0.7%)
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electrophoresis (Supplementary Figure S5a). The DNA was
then desalted with an EconoSpin mini spin column (cat. no.
1920-050/250, Epoch Life Sciences) and eluted in Milli-Q
H2O.

Analysis of chromatin oligomerization via inter-fiber FRET.
Inter-fiber FRET measurements were acquired as described
above for intra-fiber FRET. Details regarding this assay are
described in the Supplementary Methods section.

Chromatin aggregation reversibility assay. Pre-formed
chromatin oligomers were generated by incubating 1 �M
TDG (or the indicated TDG variant) with 5 nM 12-mer
arrays in a reaction mixture (8 ul) containing buffer NB at
37◦C for 15 min. At this point, 4 ul of a solution containing
either 601 DNA or GADD45a, both at 3-times the final
desired concentration (Supplementary Figures S10 and
11), was added to the mixture. After incubating for 10
min at 37◦C, samples were centrifuged at (13 000 RPM)
at 4◦C for 15 min and an aliquot of the supernatant was
combined with SDS LB and analyzed by agarose gel (0.7%)
electrophoresis (Supplementary Figures S10 and 11).

M.SssI methylation of nucleosome arrays. For methyla-
tion reactions, 12-601 DNA (60 nM) was incubated with
0.35 U/�l M.SssI in CutSmart buffer supplemented with
0.4 mM SAM at 37◦C for 4 h. To confirm CpG sites were
fully methylated, a 75 fmol aliquot was digested with 10
units HpaII in a 10 �l reaction containing 1 × CutSmart
buffer at 37◦C for 45 min. Following the digest, glycerol
was added (5%, v:v) and the reactions were analyzed via
agarose gel (0.7%) electrophoresis (Supplementary Figure
S12a). HpaII-resistant 12-601 DNA was used in subsequent
nucleosome reconstitutions and confirmed to form chro-
matin via native agarose gel electrophoresis (Supplementary
Figure S12b).

Statistical analysis. All FRET data were presented as
means and standard deviations. Statistical analysis of intra-
and inter-fiber FRET studies was conducted using Graph-
Pad Prism (v8.4.2). For comparison of the corrected FRET
intensities (Figures 1B and 2D) between samples containing
either free 12-NCP arrays or 12-NCP arrays that had been
oligomerized by TDG or Mg2+, all data sets were first com-
pared by unpaired one-way analysis of variance (ANOVA),
then significant differences were determined between each
condition tested using a Tukey’s multiple comparisons test
(� = 0.05). An identical analysis (ANOVA and Tukey’s mul-
tiple comparisons) was used to compare TDG-induced pre-
cipitation of wild-type and hyper-methylated arrays (Fig-
ure 5).

RESULTS AND DISCUSSION

TDG locally opens chromatin structure

We first considered the ability of TDG to alter chromatin
structure at the single-fiber level (we use ‘TDG’ throughout
to refer to the full-length human protein). In particular, we
focused on TDG’s ability to bind to and alter the structure
of nucleosome arrays compacted into ‘30 nm’ chromatin

Figure 1. TDG binds and locally opens chromatin fibers. (A) Intra-array
FRET-based assay to measure the extent of chromatin fiber compaction
(16). (B) FRET analysis of compact 12-mer arrays (2 mM Mg2+) in the
presence of TDG (200 nM) or FOXA1 (1 �M). FRET efficiency was nor-
malized to the compact array sample. The extended array sample does not
contain Mg2+ in the buffer. Raw FRET efficiency is provided in Supple-
mentary Figure S1h. ****P < 0.0001. (C) Saturation plots for binding of
TDG to naked 601 DNA or mononucleosomes having different arrange-
ments of linker DNA. The Kd is listed below each substrate. Error bars rep-
resent standard deviation from at least three independent experiments. (D)
MNase digestion of nucleosome arrays in the presence of TDG. The con-
centration of TDG (nM) used in each experiment is listed to the right.

fibers. Previous biophysical studies have shown that nonspe-
cific binding of transcription factors (TFs) to nucleosome
arrays, and specifically to extra-nucleosomal (or ‘linker’)
DNA, causes array decompaction (26). Given TDG’s high
affinity for DNA, even in the absence of a target nucleobase
(15), we reasoned that TDG may also drive decompaction
of 30 nm chromatin fibers through similar interactions. To
test this, we assembled 12-mer nucleosome arrays contain-
ing fluorescent donor and acceptor dyes that were placed at
locations that allow nucleosome stacking interactions, and
thus the overall compaction of the array (i.e. formation of
30 nm chromatin fibers), to be monitored by FRET (Förster
resonance energy transfer) (Figure 1A and Supplementary
Figure S1) (16). Under the conditions used in our assay (2
mM Mg2+), nucleosome arrays fold into maximally com-
pact 30 nm fibers (1), which is accompanied by a charac-
teristic increase in FRET efficiency (Figure 1B and Supple-
mentary Figure S1h, i) (16,26). In the presence of 200 nM
TDG, FRET efficiency was reduced by ∼20%, indicating
that TDG induced decompaction of the arrays. A similar
effect was observed for the pioneering TF FOXA1, which
is known to actively initiate chromatin decompaction and
promote DNA accessibility (27). We presumed that the rel-
evant TDG binding occurred with the linker DNA because,
compared to nucleosomal DNA, linker DNA more closely
resembles typical B-form DNA (28), is generally more ac-
cessible to DNA binding factors (29), and is a better sub-
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Figure 2. TDG promotes chromatin condensation. (A) Precipitation assay
to monitor nucleosome array oligomerization. Nucleosome arrays were in-
cubated with the indicated protein, oligomers were removed by centrifuga-
tion, and the percentage of arrays remaining in solution was determined by
gel electrophoresis. (B) FRET-based assay to monitor inter-fiber oligomer-
ization. (C) Mg2+-induced oligomerization of nucleosome arrays. Precipi-
tation data (black) is shown on the left Y-axis, and inter-fiber FRET effi-
ciency (red) is shown on the right Y-axis. (D) Comparison of the inter-fiber
FRET efficiency for arrays treated with Mg2+ or TDG. Error bars repre-
sent standard deviation from at least three independent experiments.

strate for TDG’s glycosylase activity (16,30). Consistently,
we found that TDG binds mononucleosomes containing
linker DNA (30 bps) more strongly than those without (Kd
= 59 ± 7 and 185 ± 21 nM, respectively) (Figure 1C), and
protects linker DNA within nucleosome arrays from mi-
crococcal nuclease (MNase) digestion (Figure 1D). Overall,
these results strongly suggest that TDG drives chromatin
fiber decompaction through nonspecific binding to linker
DNA.

TDG promotes chromatin condensation

We next asked whether TDG’s association with chromatin
fibers influences their ability to undergo oligomerization
(also referred to as ‘condensation’). In vitro, individual
chromatin fibers undergo self-association into higher-order
oligomeric structures at Mg2+ concentrations greater than
3–4 mM, a process that mimics the formation of long-
range intra- and inter-fiber interactions observed in native
chromatin (1,25). We incubated 12-mer nucleosome arrays
with increasing concentrations of Mg2+, removed the pre-
cipitated oligomers by centrifugation and quantified the
unassociated fibers in the supernatant. Compared to Mg2+

alone, the presence of TDG resulted in a profound increase
in array oligomerization (Supplementary Figure S3a). A
similar affect was observed for the monovalent cation K+

(Supplementary Figure S3b). Notably, significant precipi-
tation of arrays was observed even in the absence of these
added salts, suggesting that TDG alone is capable of induc-
ing chromatin condensation (Supplementary Figure S3).
Therefore, we excluded Mg2+ and K+ from the following

experiments to ensure that the observed chromatin conden-
sation could be attributed solely to TDG. Indeed, titration
of 12-mer arrays with only TDG led to a concentration-
dependent increase in precipitated material (Figure 2A and
Supplementary Figure S3c), with the midpoint for array
oligomerization occurring at ∼200 nM TDG (∼3:1 mo-
lar ratio of TDG to mononucleosome). For comparison,
the midpoint for histone H1.1-induced oligomerization un-
der the same conditions occurred at ∼50 nM (∼1:1 mo-
lar ratio of H1.1 to mononucleosome). The fact that TDG
induced both nucleosome array decompaction, as well as
inter-fiber oligomerization, at similar concentrations sug-
gests that these two processes are coupled. We chose not
to incubate TDG with arrays that had been pre-bound by
H1.1 because these proteins are localized to different chro-
matin domains in vivo. For instance, TDG and its substrates,
5fC/5caC, are primarily localized to active promoter and
enhancers (12,31,32), whereas linker histone H1.1 is de-
pleted at these sites (33). This indicates that TDG will most
often be bound to chromatin lacking H1.1. In contrast to
TDG, two related DNA glycosylases, uracil DNA glyco-
sylase (UDG) and single-stranded mono-functional uracil
glycosylase (SMUG1), as well as BSA, had no effect on
chromatin solubility (Figure 2A and Supplementary Figure
S3c). TDG-mediated array oligomerization still occurred
in the absence of histone N-terminal tail domains (Supple-
mentary Figure S4). Thus, histones tails are not essential for
TDG-mediated chromatin condensation. This is in contrast
to linker histones, which have been shown to require the hi-
stone tail domains to induce oligomerization (34). This sug-
gests that histone H1 and TDG promote chromatin conden-
sation through distinct mechanisms. Although the histone
tail domains were mostly dispensable for array oligomer-
ization by TDG, nucleosome cores are essential, as TDG
failed to precipitate free 12-mer DNA (Supplementary Fig-
ure S4b). Importantly, we found that oligomerization is not
coupled to DNA sequence, as TDG precipitated chromatin
reconstituted from human genomic DNA (Supplementary
Figure S5). Finally, it is worth emphasizing that the nucleo-
some arrays employed in this study lack substrates for TDG
base excision, indicating that catalysis is not a requirement
for chromatin condensation.

We further confirmed that the insoluble TDG-complexes
were in fact oligomers, comprising multiple chromatin
fibers, using an inter-fiber FRET-based assay (Figure 2B).
Nucleosome arrays were labelled separately with either Cy3
(donor) or Cy5 (acceptor) dyes via maleimide conjugation
to histone H2A bearing a N110C mutation, and the labelled
arrays were mixed in a 1:1 ratio. Upon fiber oligomeriza-
tion, which has been proposed to involve interdigitation
of nucleosomes between different fibers (35), the dyes be-
come close enough in space to allow for efficient FRET
(22). We first validated the method using Mg2+, which is well
known to induce chromatin fiber oligomerization. Consis-
tently, titration of the donor/acceptor array mixture with
increasing concentrations of Mg2+ resulted in a concen-
tration dependent increase in FRET efficiency. Moreover,
pre-treatment of the array mixture with MNase resulted
in a loss of FRET signal (Figure 2C), which is consistent
with the inability of mononucleosomes to undergo Mg2+-
induced oligomerization (36). These observations strongly
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suggest that the FRET system properly monitors inter-fiber
oligomerization. We then applied the assay to TDG. Treat-
ment of the donor/acceptor array mixture with 1 uM TDG,
which induces nearly complete array precipitation (Figure
2A), resulted in a pronounced increase in inter-fiber FRET
relative to untreated arrays (Figure 2D). Furthermore, the
inter-fiber FRET efficiency of TDG treated arrays was sim-
ilar to arrays treated with 5 mM Mg2+, which also induces
complete array precipitation. Collectively, these data indi-
cate that the observed precipitation of nucleosome arrays
by TDG is indeed due to inter-fiber oligomerization. Inter-
estingly, incubation of MNase-treated arrays (i.e. mononu-
cleosomes) with TDG resulted in a modest reduction in the
inter-molecular FRET compared to what was observed for
Mg2+ (5 mM) (Figure 2D). This difference suggests that
oligomerization by TDG involves more specific bridging in-
teractions between nucleosomes and TDG, and is consistent
with our observation that, despite binding tightly to DNA,
TDG requires nucleosome cores to induce array oligomer-
ization.

The N- and C-terminal domains of TDG have opposing roles
during chromatin condensation

The linker histone H1.1 contains a disordered positively
charged C-terminal domain (CTD) that is responsible for
stabilizing secondary chromatin structures and chromatin
condensation (17–19). The N-terminal domain (NTD) of
TDG (residues 1–110; Figure 3A), which confers enhanced
DNA binding relative to its absence (37) and has other im-
portant regulatory functions (9,10), shares a number of sim-
ilarities with the histone H1.1 CTD: they are both highly
basic, mostly disordered, and have low sequence complex-
ity (Supplementary Figure S7). This observation prompted
us to ask whether TDG’s NTD is responsible for mediat-
ing chromatin condensation. Indeed, we found that dele-
tion of residues 1–110 (TDG111–410) completely abolished
TDG’s ability to condense nucleosome arrays (Figure 3B
and Supplementary Figure S8). Interestingly, deletion of
TDG’s CTD (residues 309–410; TDG1–308 and TDG82–308)
had the opposite effect, instead promoting array oligomer-
ization in the presence of the NTD. Notably, TDG82–308,
which contained only the catalytic domain and a particu-
larly basic region of the NTD (residues 82–110), was ca-
pable of condensing chromatin with nearly the same effi-
ciency as histone H1.1. Deletion of all lysine and arginine
residues from this basic region (red amino acids in Figure
3A) completely abrogated TDG-mediated array oligomer-
ization (Figure 3B; TDG�K/R). Given that the catalytic do-
main alone poorly oligomerized arrays (TDG111–308), this
suggests that TDG’s ability to condense chromatin is local-
ized to residues 82–110 of the NTD, and specifically, the
basic side chains. Previous studies using short DNA du-
plexes have shown that these residues form high-affinity
non-specific complexes with DNA (37,38). Thus, in the
context of chromatin, we propose that residues 82–110
bind DNA between arrays through non-specific electro-
static interactions to facilitate oligomerization. Our obser-
vation that TDG-mediated oligomerization is impaired by
the presence of its full N- and C-terminal domains provides
additional support for this mechanism, as those domains

Figure 3. TDG-mediated chromatin oligomerization is dependent on its
N- and C-terminal domains. (A) TDG domains discussed in this work.
(B, C) Precipitation assay to monitor nucleosome array oligomerization.
Nucleosome arrays were incubated with the indicated protein, oligomers
were removed by centrifugation, and the percentage of arrays remaining in
solution was determined by gel electrophoresis. Error bars represent stan-
dard deviation from at least three independent experiments.

have been shown to destabilize non-specific interactions be-
tween residues 82–110 and DNA (38). This also suggests an
important regulatory role for the CTD, as TDG-mediated
chromatin condensation is significantly enhanced in its ab-
sence. We cannot rule out that TDG dimerization, which
has been observed at very high TDG concentrations (>1
uM) (39), contributes to array oligomerization. If so, our
results suggest that the CTD may also destabilize this inter-
action (compare TDG111–308 to TDG111–410) (Figure 3B).

In order to gain further support for a mechanism in-
volving TDG’s NTD, we tethered residues 1–110 to a
nucleosome-targeting peptide from the Kaposi’s sarcoma-
associated herpesvirus protein LANA (LANA-TDG1–110)
(19,40). Remarkably, incubating 12-mer arrays with the
LANA-TDG1–110 fusion protein induced oligomerization
to a similar extent as full-length TDG (Figure 3C and Sup-
plementary Figure S9). This effect was dependent on the
attachment of TDG1–110 to LANA, as proteolytic cleavage
of their linkage significantly impaired array oligomerization
(LANA + TDG1–110). These results not only confirm that
TDG-mediated oligomerization is derived largely from its
disordered NTD, but also suggests that TDG’s folded cat-
alytic domain (i.e. the ‘reader’ domain) serves in this con-
text to recruit the lysine-rich NTD to chromatin. These
data are also in agreement with the previous finding that
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Figure 4. TDG-mediated chromatin oligomerization is reversible. Insolu-
ble chromatin oligomers were incubated with the indicated concentration
of 601 DNA (A) or GADD45a (B), and the change in solubility was mon-
itored following centrifugation. Error bars represent standard deviation
from at least three independent experiments.

the NTD binds DNA regardless of whether or not it is at-
tached to TDG, and through similar interactions (38). As
expected, a fusion protein comprising LANA and TDG’s
CTD (LANA–TDG309–410) had no effect on array solubil-
ity.

TDG-mediated chromatin condensation is reversible

If chromatin fiber oligomerization is driven by non-specific
inter-fiber interactions between TDG’s NTD and DNA, it
should be possible to disrupt, and thus re-solubilize, the re-
sulting oligomers using competitor DNA. To test this, we
treated insoluble TDG-chromatin oligomers with increas-
ing concentrations of free 207 bp 601 DNA and measured
the soluble fraction. Consistent with our hypothesis, excess
free DNA was capable of reversing array oligomerization
by TDG (Figure 4A and Supplementary Figure S10a). Im-
portantly, the 12-mer arrays remained intact throughout the
precipitation and redissolution cycle (Supplementary Fig-
ure S10b), as does TDG’s catalytic activity (Supplemen-
tary Figure S10c). Therefore, like oligomerization by diva-
lent cations (41), TDG-mediated chromatin condensation is
freely reversible. Insoluble H1.1-chromatin oligomers were
also reversible by free DNA, but this process was much
less gradual than for TDG (4a and S10a). This further
highlights the different mechanisms used by these two pro-
teins to condense chromatin. Surprisingly, free DNA was
unable to re-solubilize arrays that had been precipitated
by TDG1–308 and TDG82–308, indicating that reversibility
is highly dependent on the presence of the CTD (Supple-
mentary Figure S10a). This again is consistent with the
CTD acting to destabilize inter-array interactions between
the NTD (presumably residues 82–110) and DNA, in this
case being required to prevent irreversible oligomerization.
Moreover, these data imply that reversal of array oligomer-
ization by DNA does not involve TDG’s catalytic domain.

The N- and C-terminal domains of TDG have been
shown to mediate interactions with numerous protein part-
ners (9,10). On the basis of our data above, we predict that
these interactions might be capable of altering the forma-
tion and/or stability (i.e. reversibility) of TDG-mediated
chromatin oligomers. We decided to explore this possibil-
ity using growth arrest and DNA damage inducible alpha
(GADD45a). In addition to its roles in cell growth con-
trol, genomic stability, and DNA repair, GADD45a has

been shown to functionally and physically interact with
TDG to promote removal of 5fC/5caC from genomic DNA
(42,43). Importantly, these interactions involve both the
N- and C-terminal domains of TDG (residues 1–132 and
178–397, respectively) (42). As before, we exposed insol-
uble TDG-chromatin oligomers to increasing concentra-
tions of GADD45a and monitored the change in solubil-
ity (Figure 4B and Supplementary Figure S11b). We found
that GADD45a readily reversed array oligomerization by
full length TDG, with nearly half the precipitated arrays
becoming re-solubilized in the presence of a stoichiomet-
ric amount of GADD45a relative to TDG. GADD45a
does not bind DNA or nucleosomes (44,45), indicating that
this effect occurred through TDG. Indeed, GADD45a was
also capable of reversing array oligomerization by LANA–
TDG1–110, although with reduced efficiency, revealing that
the functional protein-protein interaction involves at a min-
imum TDG’s NTD. Importantly, GADD45a was unable
to re-solubilize H1.1-chromatin oligomers (Supplementary
Figure S11b, c), further supporting a specific interaction be-
tween TDG and GADD45a. In agreement with our DNA
competition experiments, re-solubilization of TDG-array
oligomers by GADD45a was dependent on the presence of
TDG’s CTD in the context of the full-length protein (Fig-
ure 4B), further supporting a model wherein TDG’s CTD
potentiates the disruption of NTD-mediated inter-fiber in-
teractions by external regulators. Collectively, these data
demonstrate that TDG-mediated chromatin condensation
can be regulated through protein-protein interactions in-
volving its NTD (and presumably its CTD), and impor-
tantly, implicate GADD45a in controlling chromatin struc-
tural organization through its association with TDG. It is
worth noting that multiple lysine residues within the N-
and C- terminal domains of TDG undergo posttransla-
tional modification (e.g. acetylation, phosphorylation, and
SUMOylation), which has been shown to influence TDG’s
interactions with DNA and other proteins (46). By exten-
sion of our results above, we anticipate that these modifi-
cations will also impact the formation and/or stability of
TDG-mediated chromatin oligomers, thereby meriting fur-
ther investigation.

DNA methylation impairs chromatin condensation by TDG

Finally, we tested whether TDG-dependent chromatin
oligomerization was sensitive to the methylation status of
the underlying DNA using nucleosome arrays that had
been hypermethylated by the CpG methyltransferase MssSI
(Supplementary Figure S12). Whereas DNA methylation
only modestly inhibited Mg2+-induced array oligomeriza-
tion (Supplementary Figure S13), methylation drastically
impaired array oligomerization by TDG, with the major-
ity of methylated arrays (∼70%) remaining soluble follow-
ing exposure to 1 �M TDG (Figure 5A). DNA methylation
also inhibited chromatin condensation by LANATDG1–111,
albeit to a lesser extent than with the full protein. In con-
trast, TDG variants lacking their CTD were capable of fully
aggregating methylated arrays (Figure 5B). Together, these
data suggest that DNA methylation weakens inter-array in-
teractions mediated by TDG’s NTD, which is magnified by
the destabilizing effects of the CTD. One possible expla-
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Figure 5. DNA methylation inhibits TDG-mediated chromatin condensa-
tion. (A) Precipitation assay to monitor nucleosome array oligomerization.
(Un)methylated nucleosome arrays were incubated with the indicated con-
centration of TDG, oligomers were removed by centrifugation, and the
percentage of arrays remaining in solution was determined by gel elec-
trophoresis. (B) Soluble fraction following treatment of (un)methylated ar-
rays with different TDG variants (1 �M). Error bars represent standard
deviation from at least three independent experiments.

nation is the increased rigidity imparted on the DNA du-
plex by 5mC, which has been shown to alter nucleosome
stability and dynamics (i.e. DNA accessibility) (47). These
changes could, for example, promote intra-array interac-
tions of TDG’s NTD at the expense of inter-array bind-
ing and condensation. Additionally, the reduced flexibility
of methylated DNA could hinder DNA bending by TDG
(48), which may play an important role during condensa-
tion (49). We show that DNA binding by TDG is unaffected
by methylation (Supplementary Figure S14), ruling out the
possibility that TDG’s inability to condense methylated ar-
rays is simply due to impaired binding. Future investiga-
tions are required to determine the exact mechanism. It will
also be important to examine how other cytosine modifi-
cations impact the ability of TDG to condense chromatin,
particularly 5fC, which has been shown to greatly enhance
DNA flexibility (47). Most excitingly, these data support
a potential regulatory mechanism wherein 5mC prevents
the formation of TDG-dependent chromatin structures at
methylated (or inactive) genomic regions in vivo.

CONCLUSION

In summary, this work provides the first evidence that TDG
directly alters chromatin structure through its physical in-
teractions with DNA, thus further expanding TDG’s func-
tional repertoire to include chromatin remodeling. The pro-
posed model depicted in Figure 6 summarizes our find-
ing (see Supplementary Table S1). Given TDG’s involve-
ment in a number of gene regulatory pathways, such as
DNA demethylation and transcriptional control, chromatin
remodeling by TDG will have important biological con-
sequences. For example, TDG’s intrinsic ability to bind
and locally open compact chromatin fibers may play a
role in its ability to recruit and/or promote the activity
of downstream factors during transcriptional activation,
such has been observed for pioneering TFs (50). Impor-
tantly, these ‘pioneering’ activities could be targeted to
sites enriched with 5fC/5caC, with TDG’s slow off-rate
following excision allowing for stable recruitment of acti-
vating transcription factors and further chromatin open-

Figure 6. Proposed model for TDG-mediated chromatin remodelling (1).
Upon recruitment, TDG preferentially binds to linker DNA between nu-
cleosome resulting in decompaction of the chromatin fiber structure. The
basic NTD contributes to nonspecific DNA binding in cis (i.e. to the same
fiber as the catalytic domain) (37,38). (2) In the presence of nearby chro-
matin fibers, TDG’s NTD can also bind to DNA in trans (i.e. to a dif-
ferent fiber than the catalytic domain), facilitating oligomerization and
condensation of the chromatin as local concentration of TDG increase.
Because efficient oligomerization requires tethering of the NTD to chro-
matin (Figure 3C), we propose that DNA binding by the catalytic do-
main (which requires in cis DNA binding by the NTD), along with ac-
companying array decompaction, precedes oligomerization. (3) The CTD
of TDG antagonizes chromatin condensation by weakening inter-fiber in-
teractions between the NTD and DNA, potentially through direct con-
tacts between the two disordered domains (38). This destabilizing affect
allows for external regulators (e.g. GADD45a) to bind to and sequester
TDG’s NTD away from DNA, resulting in disruption of inter-fiber inter-
actions and re-solubilization of the chromatin. However, in the absence of
the CTD’s destabilizing affect (�CTD), chromatin condensation becomes
non-reversible due to tight inter-fiber binding of the NTD.

ing (15,51). One particularly exciting possibility offered by
our results is that TDG directly participates in the forma-
tion of long-range chromatin fiber interactions, for exam-
ple, between gene enhancers and promoters during tran-
scriptional activation (i.e. chromatin looping). In support
of this hypothesis, genome-wide studies have shown that,
in response to 17�-estradiol (E2), TDG localizes to sites
that are involved in the interactions between promoters
and enhancers of E2-responsive genes (12). Importantly,
the three-dimensional (3D) reorganization of E2-responsive
genes upon E2 stimulation is abrogated upon TDG deple-
tion, indicating that TDG plays a central role in 3D chromo-
somal rearrangements during E2-mediated transcriptional
activation in vivo. Importantly, a very recent study showed
that insoluble chromatin aggregates formed by salts (e.g.
Mg2+) and histone H1 in vitro are actually liquid-liquid
phase-separated droplets (19). Although additional stud-
ies are needed to determine the exact nature of the chro-
matin aggregates formed by TDG, this strongly suggests
that they are also a phase-separated liquid. The fact that
chromatin condensation by TDG is dependent on its disor-
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dered NTD further supports a phase-separation model, as
phase separation of proteins is often driven by weak, multi-
valent interactions between intrinsically disordered protein
domains (52–54). The importance of disorder within TDG’s
NTD is further reflected in phylogenic analysis of TDG se-
quence and structure (Supplementary Figure S15), which
reveals that, although sequence conservation is low within
the NTD, the overall disorder content remains fairly con-
stant across species. A phase-separation model is also con-
sistent with TDG playing an architectural role during tran-
scriptional activation of E2-responsive genes, as this pro-
cess has been shown to involve the formation of liquid-like
phase-separated compartments (or condensates) by the pro-
teins involved (14,52). More broadly, coupling chromatin
condensation and phase separation to TDG provides a
mechanism whereby such compartments could be targeted
to (or be initiated at) genomic sites enriched with 5fC/5caC
and, as our data suggests, directed away from methylated
chromatin domains. Such a mechanism would directly link
DNA epigenetics and BER to genome organization.
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