
Published online 13 May 2019 Nucleic Acids Research, 2019, Vol. 47, No. 16 8375–8387
doi: 10.1093/nar/gkz381

Structural basis for preferential binding of human
TCF4 to DNA containing 5-carboxylcytosine
Jie Yang1, John R. Horton1, Jia Li2, Yun Huang 2, Xing Zhang1, Robert M. Blumenthal3 and
Xiaodong Cheng 1,*

1Department of Molecular and Cellular Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX
77030, USA, 2Center for Epigenetics & Disease Prevention, Institute of Biosciences and Technology, Texas A&M
University, Houston, TX 77030, USA and 3Department of Medical Microbiology and Immunology, and Program in
Bioinformatics, The University of Toledo College of Medicine and Life Sciences, Toledo, OH 43614, USA

Received March 30, 2019; Revised April 27, 2019; Editorial Decision April 29, 2019; Accepted April 30, 2019

ABSTRACT

The psychiatric risk-associated transcription fac-
tor 4 (TCF4) is linked to schizophrenia. Rare TCF4
coding variants are found in individuals with Pitt-
Hopkins syndrome––an intellectual disability and
autism spectrum disorder. TCF4 contains a C-
terminal basic-helix-loop-helix (bHLH) DNA binding
domain which recognizes the enhancer-box (E-box)
element 5′-CANNTG-3′ (where N = any nucleotide).
A subset of the TCF4-occupancy sites have the
expanded consensus binding specificity 5′-C(A/G)-
CANNTG-3′, with an added outer Cp(A/G) dinu-
cleotide; for example in the promoter for CNIH3, a
gene involved in opioid dependence. In mammalian
genomes, particularly brain, the CpG and CpA dinu-
cleotides can be methylated at the 5-position of cyto-
sine (5mC), and then may undergo successive oxida-
tions to the 5-hydroxymethyl (5hmC), 5-formyl (5fC),
and 5-carboxyl (5caC) forms. We find that, in the con-
text of 5′-0CG-1CA-2CG-3TG-3′(where the numbers in-
dicate successive dinucleotides), modification of the
central E-box 2CG has very little effect on TCF4 bind-
ing, E-box 1CA modification has a negative influ-
ence on binding, while modification of the flanking
0CG, particularly carboxylation, has a strong positive
impact on TCF4 binding to DNA. Crystallization of
TCF4 in complex with unmodified or 5caC-modified
oligonucleotides revealed that the basic region of
bHLH domain adopts multiple conformations, includ-
ing an extended loop going through the DNA minor
groove, or the N-terminal portion of a long helix bind-
ing in the DNA major groove. The different protein
conformations enable arginine 576 (R576) to inter-
act, respectively, with a thymine in the minor groove,

a phosphate group of DNA backbone, or 5caC in the
major groove. The Pitt-Hopkins syndrome mutations
affect five arginine residues in the basic region, two
of them (R569 and R576) involved in 5caC recogni-
tion. Our analyses indicate, and suggest a structural
basis for, the preferential recognition of 5caC by a
transcription factor centrally important in brain de-
velopment.

INTRODUCTION

Human transcription factor 4 (TCF4) is essential for brain
development, memory and cognition, and has been as-
sociated with schizophrenia, autism-spectrum intellectual
disability, and Pitt-Hopkins syndrome (1). Together with
TCF3 and TCF12, TCF4 is a member of the class I basic-
helix-loop-helix (bHLH) family of transcription factors (2),
homologous to the Drosophila sex determination factor
daughterless (3), and also called an Enhancer-box bind-
ing protein (4,5). In fact, TCF4 is one of the few––if not
only––E-proteins expressed throughout the adult mouse
brain (6), where it affects morphology (7) and regulates
synaptic plasticity, DNA methylation, and memory func-
tion (8). Common variants in human TCF4 were among the
first genes to reach significance in genome-wide association
studies of schizophrenia (9), and rare coding TCF4 vari-
ants outside of the bHLH domain were identified in individ-
ual schizophrenia patients by deep sequencing (10,11) (Fig-
ure 1A). In contrast, rare TCF4 mutations associated with
Pitt-Hopkins syndrome (12)––a genetic disorder character-
ized by intellectual disability, distinct facial features, devel-
opment delay and autonomic dysfunction––occur almost
exclusively within the bHLH domain (13–18) (Figure 1B).
The basis for association of common TCF4 variants with
schizophrenia is currently unknown. Our study suggests
structural effects of Pitt-Hopkins syndrome-associated mu-
tations in the bHLH domain––the only functionally char-
acterized domain of TCF4.

*To whom correspondence should be addressed. Tel: +1 713 834 6274; Email: xcheng5@mdanderson.org

C© The Author(s) 2019. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

http://orcid.org/0000-0001-5950-9168
http://orcid.org/0000-0002-6967-6362


8376 Nucleic Acids Research, 2019, Vol. 47, No. 16

Figure 1. Schematic of human TCF4 and sequence alignment of bHLH domains. (A) Human TCF4 transcripts potentially generate 18 isoforms with
different N-termini (73), but all TCF4 isoforms contain the C-terminal bHLH DNA binding domain. In-frame alternative splicing increases the number of
TCF4 isoforms. For example, alternative splicing at exon 18 of TCF4 leads to the presence or absence of two RS repeats|-containing arginine (R) and serine
(S)|-immediately prior to the C-terminal bHLH domain. For the study described here, we use the residue numbering of +RSRS isoform (NP 001077431.1)
for the bHLH domain. (B) Pitt-Hopkins mutations in bHLH that alter either the basic arginine residues at the protein–DNA interface or alanine residues
that coordinate the dimerization. Three pairs of intra-molecular interactions exist in the major groove of DNA: N573•••R576 (blue), N574•••R578 (red)
and E577•••R580 (green). (C) TCF3, TCF4, and TCF12 are Class I bHLH proteins, also called E-box binding proteins, and share high sequence identity
within their bHLH domains, except for 7 positions (colored cyan). In contrast, other three representative proteins (NeuroD1, Max and USF1) used in
the alignment shares only 9 invariant residues (white letters in black background) within the bHLH. White letters in grey background indicate conserved
variation (R and K; I and L; T and S; L and M).

There is no structural information currently available for
TCF4. The corresponding bHLH domain of TCF3 (also
known as E47) has been structurally characterized as a ho-
modimer (19), though the structural coordinates are not yet
available in the Protein Data Bank (PDB), and as a het-
erodimer with NeuroD1 (20) (PDB 2QL2). The bHLH pro-
teins can heterodimerize with other family members [>60
exist (21,22)], and TCF4 is no exception (1).

Recent chromatin immunoprecipitation sequencing of
TCF4 in neuroblastoma cells (SH-SY5Y) and blastic plas-
macytoid dendritic cell neoplasm cells (Cal-1 and Gen2.2)
revealed, as expected, strong enrichment of the E-box motif
CANNTG (N = any nucleotide) within the TCF4 binding
sites (23–25). A subset of E-boxes has the palindromic se-
quence CACGTG, and it is significant that the central CpG
and two outer CpA dinucleotides are common DNA methy-
lation sites. Methylated cytosine, 5-methylcytosine (5mC or
M), can be successively oxidized by Tet proteins to become
5-hydroxymethylated (5hmC or H), 5-formylated (5fC or
F), and 5-carboxylated cytosine (5caC) (26,27) (Figure 2A).
In addition to recognizing specific DNA sequences, a grow-
ing number of transcriptional regulators are being found
to respond to different cytosine modification states (28–
30). These transcription factors are potentially acting as di-
rect epigenetic sensors. For example, like TCF4, the onco-
genic MYC and its binding partner MAX are bHLH tran-
scription factors; they preferentially recognize the E-box se-

quence CACGTG (31). MAX binds an unmodified E-box,
and methylation of the central CpG greatly inhibits its bind-
ing (32), while oxidation to 5caC restores its binding to the
level of unmodified C (33). For TCF4, a previous report
suggested that 5hmC in two E-box sequences, ACACGTG
and ACATGTG, when presented in hemi-modified fash-
ion (i.e. modification on one strand only), increased DNA-
binding of the TCF4 bHLH domain (34). Another report
from the same group suggested that 5caC in a CpG dinu-
cleotide immediately outside of E-box (CGCAGGTG) en-
hanced binding of TCF4, as well as that of other immedi-
ate family members (35). Here, to understand the effects of
DNA sequence and modification on the binding of this im-
portant disease-associated transcription factor, we use the
isolated TCF4 bHLH DNA binding domain to understand
how the TCF4 protein recognizes E-box sequence, and how
it ‘senses’ the oxidation status of cytosine.

MATERIALS AND METHODS

Protein expression and purification

Human TCF4 C-terminal bHLH domain (residues 569–
628; NP 001077431.1) was cloned into a modified pET28b
vector as an N-terminal 6xHis-SUMO tag (pXC2002). Af-
ter it was transformed into Escherichia coli BL21-Codon
Plus(DE3)-RIL (Stratagene), bacterial cells were cultured
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Figure 2. Electrophoretic mobility shift assay of TCF4 bHLH protein binding to oligos containing a single E-box. (A) Schematic of chemical reactions of
DNA cytosine methylation by DNMT and 5mC oxidations by Tet enzymes. (B) The central CpG dinucleotides are unmodified (C/C) or fully modified
(M/M, H/H, F/F; where M = 5mC, H = 5hmC, and F = 5fC). (C) The central CpG dinucleotides are hemi-modified (M/C, H/C, F/C or 5caC/C; where
5caC = 5-carboxyC). (D) The two outer CpA dinucleotides are unmodified (C/C), fully modified (M/M, H/H, F/F) or hemi-modified (5caC/C). The
protein concentrations used were a maximum of 7 �M (the right most lane 15 of each panel) followed by serial 2-fold dilutions (from right to left). The
arrows indicated a reference point where the shift was observed for the unmodified oligo. The same samples were quantified by fluorescence polarization
(Supplementary Figure S1).

in a shaking incubator in LB medium at 37◦C until the cul-
ture density reached A600 nm = 0.4, at which time the temper-
ature of the incubator was changed to 16◦C, and at A600 nm
∼0.8, isopropyl �-D-1-thiogalactopyranoside (IPTG) at 0.4
mM was added for induction and cultures allowed to grow
overnight. Harvested cells were lysed by sonication in 20
mM Tris (pH 7.5), 300 mM NaCl, 20 mM imidazole,
5% (v/v) glycerol, 0.5 mM tris (2-carboxyethyl) phosphine
(TCEP) and 0.1 mM phenylmethylsulfonyl fluoride. The
lysate was treated with polyethylenimine added drop by
drop until a concentration of 0.15% (w/v) was attained (36)
and then centrifuged at 47 850 x g for 30 min at 4◦C. The
supernatant containing the 6xHis-SUMO tagged protein
was collected and subjected to a four-column chromatog-
raphy protocol, conducted in a BIO-RAD NGC™ system.
The sample was loaded onto a 5-ml HisTrap column (GE
Healthcare), the column washed, and the protein eluted
with a linear imidazole gradient from 20 to 500 mM. This

eluted protein was incubated with Ulp1 protease (purified
in-house) at 4◦C overnight, to remove the 6xHis-SUMO
tag, leaving two additional N-terminal residues (His-Met)
fused to the recombinant protein. The cleaved protein was
loaded onto HiTrap Q-SP tandem column (GE Healthcare)
(36) and eluted from the SP column with a 50 ml linear
gradient from 300 mM to 1 M NaCl. The peak fractions
were concentrated to 5 ml and loaded onto a HiLoad Su-
perdex 75 (16/60) column (GE healthcare) and eluted as a
single peak in 20 mM Tris (pH 8.0), 250 mM NaCl, 5% (v/v)
glycerol and 0.5 mM TCEP. The quality and size of the fi-
nal purified protein were confirmed by 18% SDS PAGE.
Due to the lack of aromatic residues, the protein concen-
tration was estimated by absorbance at 205 nm [�205 =
27+120*(A280/A205)] (37).

The mutant protein R569-to-Trp (R569W; pXC2095)
was expressed and purified similarly in the absence of the
last step of gel filtration chromatography. The mutant pro-
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Table 1. Summary of KD values measured by FP or ITC

5′-CCGGT-CAXGTG-TCCTA-3′
3′-GGCCA-GTGYAC-AGGAT-5′-FAM

FP assay (*) (Fig. S1A, B)

(A) X = Y = C X = Y = M X = Y = H X = Y = F
KD (�M) 0.11±0.04 0.17±0.04 0.20±0.07 0.19±0.06

(B) X = Y = C X = M, Y = C X = H, Y = C X = F, Y = C X = 5caC, Y = C
KD (�M) 0.11±0.04 0.16±0.04 0.16±0.05 0.19±0.09 0.14±0.05

(C) 5′-CCGGT-XACGTG-TCCTA-3′
3′-GGCCA-GTGCAY-AGGAT-5′-FAM

FP assaya (Fig. S1C)

X = Y = C X = Y = M X = Y = H X = Y = F X = 5caC, Y = C
KD (�M) 0.11±0.04 0.6±0.2 0.6±0.2 0.4±0.1 0.3±0.1

(D) 5′-ATA-XAXGTG-TAT-3′
3′-TAT-GTGXAX-ATA-5′

ITC assay (Fig. S1D)

X = C X = M X = H
KD (�M) 0.35±0.10 No binding No binding b

(E) 5′-AXG-CACGTG-XGT-3′
3′-TGX-GTGCAC-GXA-5′

ITC assay (Fig. S2)

X = C X = M X = H X = F X = 5caC
KD (�M) 0.37±0.10 0.18±0.03 0.49±0.12 0.18±0.04 0.027±0.009

a The same FP samples were used for electrophoretic mobility shift assay––see Figure 2B–D.
b By adjusting slightly the buffer condition used in the ITC measurement, the binding affinities were about the same (0.11 �M by FP and 0.10 �M by ITC)
for the two unmodified oligos (see Supplementary Figure S1E).

tein was soluble up to ∼2.7 mg/ml. We used A205 nm and
A280 nm (�280 = 0.770) to estimate the concentration and
both gave similar results.

DNA binding assays

We used three classic DNA binding assays: (i) fluores-
cence polarization, (ii) electrophoretic mobility shift and
(iii) isothermal titration calorimetry.

Fluorescence polarization (FP) assays were performed
using a Synergy 4 microplate reader (BioTek) to measure
DNA binding affinity. The 6-carboxy-fluorescein (FAM)-
labeled double strand DNA probe (5 nM) were incubated
with an increasing amount of protein (monomer concen-
tration 0.4 nM to 7 �M) for 15 min in 20 mM Tris (pH 7.5),
5% (v/v) glycerol, 150 mM NaCl. GraphPad Prism software
(version 7.0) was used to do curve fitting. KD values were
calculated as [mP] = [maximum mP] x [C]/ (KD + [C]) +
[baseline mP], where mP is millipolarization, [C] is protein
concentration and �mP = ([mP] – [baseline mP]). The re-
ported mean ± SEM of the interpolated KD values were cal-
culated from two independent experiments each performed
in duplicate.

Electrophoretic mobility shift assays (EMSA) were per-
formed with the same set of samples used in the FP assays.
An aliquot of 10 �l of reaction was loaded onto 8% na-
tive PAGE gels, and run at 150 V for 30 min in 0.5× TBE
buffer. The images were scanned by Typhoon (GE-Dynamic
phosphor/fluorescence imager).

Isothermal titration calorimetry (ITC) experiments were
performed at 25◦C using a MicroCal PEAQ-ITC auto-
mated system (Malvern instrument Ltd). Double-stranded
oligonucleotides (3.3 �M) were maintained in the sample
cell, and the protein (77.7 �M) was injected into the cell us-
ing a syringe. The amount of each injection was 2.5 �L with
continuous stirring (750 rpm), and the reference power was
set as 8 �cal/s. The duration of each injection was fixed at

4 s and the spacing time between the injections was 200 s
in order to achieve equilibrium. For each oligo, a reference
titration of buffer (20 mM Tris, pH 7.5 and 150 mM NaCl)
without protein was subtracted from experimental data as
a control for the heat of dilution and non-specific binding.
Binding constants were calculated by fitting the data using
the ITC data analysis module ‘one set of sites’ supplied by
the manufacturer.

Crystallography

We crystallized TCF4 bHLH domain in complex with 11-
to-13-mer self-annealed oligos (Supplementary Table S1) by
the sitting drop vapor diffusion method, at room temper-
ature (∼19◦C). We incubated purified protein (dimer) and
double-stranded oligonucleotide in a ratio up to 1.5:1 at
4◦C for 30 min in 20 mM Tris (pH 7.5), 150 mM NaCl,
5% (v/v) glycerol and 0.5 mM TCEP before crystalliza-
tion (monomer concentration at 0.67 mM and DNA at 0.19
mM). An Art Robbins Phoenix Crystallization Robot was
used to set up screens. For reported datasets in Supplemen-
tary Table S1, X-ray diffraction data were collected from
crystals that formed in solutions of 20% (w/v) polyethylene
glycol (PEG) 4000, 10% (v/v) 2-propanol and 0.1 M sodium
citrate tribasic dihydrate pH 5.6 (11-mer oligo), 25% PEG
3350, 0.1 M Tris pH 8.5 and 0.2 M sodium chloride (13-mer
oligo), and 30% PEG 4000, 0.1 M Tris pH 8.5, and 0.2 M
lithium sulfate monohydrate or 0.2 M sodium acetate trihy-
drate (5caC-containing 12-mer oligo). Crystals were cryo-
protected by soaking in mother liquor supplemented with
20% (v/v) ethylene glycol before plunging into liquid nitro-
gen.

X-ray diffraction datasets were collected at the SERCAT
beamline 22ID of Advanced Photon Source at Argonne Na-
tional Laboratory. Crystals were rotated a total of 400◦ in
0.25◦ increments to achieve good redundancy. The diffrac-
tion intensities were reduced and scaled using HKL-2000
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(38). During scaling, particularly attention was paid to the
space group determination: for a higher symmetry space
group, if a significantly large number of reflections were re-
jected and the R-merge values were abnormally higher in
lower resolution shells, the data were reprocessed in a lower
symmetry space group. For instance, crystals with 13-mer
oligo could be processed in C2, but statistics for processing
data in the P1 space group were significantly better (PDB:
6OD3). We note that while the twin operator (39) shows
a significant twinning fraction in PDB 6OD4 and 6OD5,
other criteria (L-test; (40)) do not indicate this is a poten-
tial problem. As a test, we performed a round of refinement
with the option of a twin law and fraction in the PHENIX
refinement module (41) but observed worse electron density
maps. We concluded that this apparent twinning is probably
the result of two nearly identical axes (b = 43.60 Å and c =
43.56 Å in PDB 6OD4 and a = 44.68 Å and b = 44.76 Å
in PDB 6OD5), as well as a non-crystallographic symmetry
rotational axis that is parallel to a crystallographic axis (a
axis in PDB 6OD4 and c axis in PDB 6OD5).

The molecular replacement method gave initial phas-
ing of TCF4 with an 11-bp oligo using the PHASER
module in PHENIX (42). The PHYRE2 server (43) was
utilized for generating an initial search model based on
TCF3 (PDB: 2QL2). A B-form DNA was generated
by the make-na server (http://structure.usc.edu/make-na/
server.html), which was used as a secondary search model.
The molecular replacement solution was improved by
a density-guided morphing procedure of PHENIX (44).
COOT (45) was used for model building and corrections
between refinement rounds. Structure quality was analyzed
during refinements with PHENIX.refine (46) and later val-
idated by the PDB validation server. Subsequent structure
determinations were made with the 13-bp oligo and the 12-
bp oligo containing 5caC, followed by the 11-bp oligo using
molecular replacement. Molecular graphics were generated
using PyMol (Schrödinger, LLC).

Analysis of ChIP profiles within TCF4-binding sites

To build TCF4-binding consensus sites from the published
Chip-seq study in neuroblastoma cells (SH-SY5Y) and
blastic plasmacytoid dendritic cell neoplasm cells (Cal-1
and Gen2.2) (24,25), GSM datasets were downloaded from
the NCBI database with indicated accession numbers. The
raw data were mapped to the hg19 version human ref-
erence genome using Bowtie2 (47). ChIP-seq peaks were
identified using MACS2 (48). The DNA sequences within
identified peak regions were extracted using BEDtools get-
fasta (49). An in-house python script was used to identify
peaks with the 5′-C(A/G)-CANNTG-3′ or 5′-CANNTG-
(T/C)G-3′ motif. Cistrome Data Browser (50) was used to
visualize ChIP-seq and ATAC-seq data at the correspond-
ing genomic regions.

RESULTS

TCF4 is insensitive to the central CpG modifications

We first measured the binding of human TCF4 bHLH do-
main to double-stranded oligonucleotides (oligos) contain-
ing the E-box consensus recognition sequence CACGTG,

in which the status of the cytosine residues of the central
CpG on both strands was either unmodified C, 5mC (M)-
modified, or oxidized to 5hmC (H) and 5fC (F). [Due to
synthetic limitations, the 5caC modification is incompati-
ble with a FAM label on the same oligo, thus the 5caC-
containing double-stranded oligo was only hemi-modified,
see below]. We used fluorescence polarization (FP) to quan-
titatively measure the dissociation constants (KD). TCF4
DNA-binding domain bound the unmodified oligo with a
KD of 110 nM (Table 1A and Supplementary Figure S1A).
Under the same conditions, the modified oligos (containing
M, H or F) have slightly reduced binding affinity (within
a factor of 2) (Table 1A). Because the original observation
made by Khund-Sayeed et al. (34) was based on microar-
rays containing DNA probes, with modifications on one
strand and unmodified cytosine on the other strand, we re-
peated the binding experiments with hemi-modified oligos
which allowed us to include the 5caC modification (Table
1B and Supplementary Figure S1B). Again, we observed
marginally decreased binding with various cytosine mod-
ifications. The same samples used for the FP assays were
used for electrophoretic mobility shift assay (EMSA) (Fig-
ure 2B–D), confirming that the binding affinity of TCF4
with the unmodified oligo is between 55 and 110 nM, and
that the binding was decreased by only a little with the cen-
tral CpG methylation and oxidations.

TCF4 binding to DNA is negatively influenced by CpA mod-
ifications within the E-box

We next examined the effect of CpA modifications on bind-
ing affinity. Full methylation (M), full hydroxymethylation
(H) and full formylation (F) of both CpA sites (on opposite
strands) resulted in approximately 4–6 fold weaker binding
(Table 1C and Figure 2D). The 5caC-containing double-
stranded oligo, which was only hemi-modified, resulted in
∼3-fold reduced binding, and we expect that a fully mod-
ified 5caC oligo might have even lower binding affinity to
the TCF4 homodimer. Because our results of reduced bind-
ing affinity by cytosine modifications within the E-box se-
quence differ from those of Khund-Sayeed et al. (34), who
suggested that 5mC decreased and 5hmC increased DNA
binding of TCF4 respectively, we used a third traditional
biophysical method, isothermal titration calorimetry (ITC),
to quantitatively evaluate the DNA binding by TCF4. We
again found that hydroxymethylation decreased binding.
The differing results might reflect the assays: Khund-Sayeed
et al. used 60 mer microarray probes of which 35 bp were
hemi-modified, and a GST fusion to the bHLH domain;
whereas we used 16-bp duplexes and untagged bHLH pro-
tein. Nevertheless, we find that the cumulative effect of mod-
ifications (5mC or 5hmC) at all cytosines within the E-box
is to decrease DNA binding (Table 1D and Supplementary
Figure S1D). [We note that the absolute KD values, mea-
sured by FP (0.11 �M) or ITC (0.35 �M), were different
for the unmodified oligos. This difference was not due to
the variation in oligo length and/or sequence outside of the
E-box (see below); instead it reflects sensitivity to the buffer
conditions (NaCl and glycerol) used in the ITC experiments
(Supplementary Figure S1E).]

http://structure.usc.edu/make-na/server.html
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TCF4 is highly selective for 5caC immediately adjacent to the
E-box

We then analyzed the effect of the two base pairs im-
mediately outside of the E-box. First, we compared
the sequences TA versus CG (TA-CACGTG and CG-
CACGTG). As expected, given that ChIP-seq motifs
showed variable sequence immediately outside of E-box
(23–25), TCF4 protein bound the two unmodified oligos
with the same affinity under the same laboratory con-
ditions (KD = 0.35 and 0.37 �M, respectively) in ITC
measurements (Table 1D and E). Second, we reanalyzed
previously-published ChIP-seq datasets of TCF4 (24,25),
asking how many binding sites were bearing CpG or CpA
at positions immediately next to the E-box. We found
∼15% in SH-SY5Y cells and 22–25% in Cal-1/Gen2.2 cells
(Supplementary Figure S3). The frequency of Cp(A/G) at
the positions is higher than expected (6.25%), which sug-
gests a binding preference of TCF4 for these sites. This
added Cp(A/G) dinucleotide potentially allows the cytosine
methylation/oxidation status to play a regulatory role. We
thus generated a set of oligos with modifications at the outer
CpG site (0CG-1CA-2CG-3TG, with the numbering to in-
dicate specific dinucleotides) and repeated the DNA bind-
ing assays. Compared to the unmodified oligo, methylation
(M) and formylation (F) of the ◦CpG increased DNA bind-
ing by approximately 2-fold, while 5hmC (H) did not affect
binding significantly (∼1.3×) (Table 1E and Supplementary
Figure S2). In contrast, TCF4 affinity for 5caC increased
by ∼14 fold (KD value decreased from 370 to 27 nM) (Ta-
ble 1E). This result is in agreement with a previous study
by Golla et al. who used conventional EMSA (35). In sum,
modification of the central E-box 2CpG has very little effect
on TCF4 binding, E-box 1,3CpA/TpG modification has a
negative influence on binding, while modification of a flank-
ing 0CpG, particularly carboxylation, has a strong positive
impact on TCF4 binding to DNA.

Five structural conformations of TCF4 bHLH domain

To understand how TCF4 binds DNA, and why it recog-
nizes 5caC preferentially, we next co-crystallized the TCF4
bHLH domain with duplex oligos (11-to-13 bp) contain-
ing either TpA or 5caCpG immediately outside of E-box.
The complexes crystallized in space group P1, resulting in
three structures determined to resolutions of 1.5, 1.7 and
2.0 Å, respectively (Supplementary Table S1). We initially
made the protein–DNA complexes with excess of protein
(∼1.5:1), resulting in only half of the dimers bound with
DNA (Figure 3A and B). When we decreased the mo-
lar ratio to approximately 1 dimer per duplex, all dimers
had bound DNA molecules (Figure 3C). We will first de-
scribe the highest-resolution structure, with unmodified
DNA (PDB ID 6OD3) at 1.5 Å resolution, and discuss the
differences with the second structure containing unmodi-
fied DNA (PDB ID: 6OD4) and the 5caC-containing DNA
(PDB ID: 6OD5).

As expected from the bHLH domains, the structure of
each monomer when complexed with DNA comprises two
long helices connected by a loop. The basic region in the N-
terminal portion of the first helix (�1) creates a clamp-like
basic environment, ideal for electrostatic interaction with

the negatively charged DNA sugar-phosphate backbone.
The second helix (�2), together with the C-terminal portion
of helix �1, forms a four-helix bundle and mediates dimer
interaction via hydrophobic residues. The three crystal com-
plexes included five distinct conformations. In conforma-
tions 1 and 2, TCF4 approaches the DNA from the minor
groove (Figure 3A); in conformation 3 TCF4 binds in the
major groove of the DNA (Figure 3A and B); conformation
4 is TCF4 alone in the absence of DNA (Figure 3B); and
in conformation 5 TCF4 recognizes a 5caC modification in
the DNA (Figure 3C). In all cases, the dimer interactions
mediated by the second helix (�2) and the C-terminal por-
tion of helix �1 are largely unchanged (root-mean-square-
deviation = 0.3 Å). In contrast, the N-terminal portion of
the first helix undergoes dramatic conformational changes
in the absence and presence of DNA (Figure 3D–F).

In the structure PDB 6OD3, the crystallographic unit
contains four dimers (Figure 3A). Two of these dimers are
in conformation 3 (magenta and yellow) and are bound to
cognate DNA, while two additional dimers (cyan in confor-
mation 1 and green in conformation 2) approach the DNA
from the opposite direction (Figure 3A). Superimposition
of the four dimers revealed that the two monomers forming
each dimer (A and B) adopted distinct conformations (Fig-
ure 3E and F). The basic region of monomer A presents in
three different ways: disordered in conformation 1, an ex-
tended loop in conformation 2, or as part of the long helix
�1 in conformation 3 (Figure 3E). In contrast, in monomer
B the corresponding helix �1 is broken into two shorter he-
lices in conformation 2, while the carboxyl end of the helix
is one turn shorter in both conformations 1 and 2, resulting
in a different configuration of the loop connecting the two
helices �1 and �2 (Figure 3F).

In the structure PDB 6OD4, the crystallographic unit
contains just two dimers, one with bound DNA (confor-
mation 3) and the other without DNA (conformation 4)
(Figure 3B). Superimposition of the two dimers revealed no
obvious differences between them. In the absence of DNA
(conformation 4), the basic region is disordered, with he-
lix �1 having been shortened by two turns, and a disor-
dered loop connects the two helices (Figure 3G). The DNA-
bound conformation 3 is highly similar in both structures
(6OD3 and 6OD4), with root-mean-square-deviations of
0.5 Å comparing 109 pairs of C� atoms (Figure 3H). In con-
trast, to summarize, the three conformations seen in the ab-
sence of DNA or approaching DNA from the minor groove
(1, 2 and 4) have varied presentations of the basic region and
the loop between the two helices (Figure 3I).

Interactions with DNA

In the structure of PDB 6OD3, the two dimers in conforma-
tions 1 and 2 have asymmetric interactions with DNA back-
bone phosphate groups from the minor groove side (Figure
4A and B). In conformation 1, R578 and R582 of monomer
A interacts with two neighboring phosphate groups, while
the corresponding arginine residues of monomer B are far
away from the DNA (Figure 4A). In conformation 2, the
basic region of monomer A forms an extended loop going
through the minor groove and interacts with three consec-
utive phosphate groups respectively by N574, R576 (via the
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main-chain amide nitrogen atom), and R578 (Figure 4B).
Interestingly, the side chain of R576 forms a direct hydro-
gen bond with the A:T base pair in the minor groove (Fig-
ure 4C). This interaction is reminiscent of an AT-hook in
the DNA minor groove, such as that of HMGA1 bound to
an AATT sequence (Figure 4D) (51).

In the DNA-bound conformation 3, two monomers have
symmetric interactions with DNA. From the N-terminal
portion of helix �1 of each monomer of the dimer, six basic
residues (R569, R570, R576, R578, R580 and K607) and
one polar residue (N574) bind in the major groove of the
DNA and contact seven phosphate groups, four and three
respectively on each strand (Figure 4E). Among the differ-
ent conformations, N574 and R578 have phosphate inter-
actions along one DNA strand either from major or minor
grooves, even though these residues reside in very different
secondary structures (helix or extended loop) (comparing
Figure 4B–E).

Besides phosphate contacts, the two monomers in con-
formation 3 have perfectly symmetrical interactions, many
of which are mediated by water molecules, with the palin-
dromic DNA sequence used for co-crystallization (Figure
5A). In the central CpG dinucleotide of the E-box lays a
network of (at least) 12 water molecules (6 for each half)
that connect protein side chains, DNA bases and phosphate
groups (Figure 5A and B). In other words, there are few
direct protein-base hydrogen bonds (H-bonds). At the cen-
tral G1:C1 base pair, the only direct interaction is a weak
H-bond (3.2 Å) formed between the N7 atom of guanine

G1 and R578, and there is no direct interaction with the
paired cytosine (Figure 5C). The single H-bond between
G1 and R578 does not determine the guanine specificity,
and is in agreement with the fact that TCF4 recognizes E-
box sequences having variable nucleotides in the center and
is insensitive to cytosine modification at C1. The single H-
bond between G1 and R578-equivalent in TCF3 did exist
in one monomer when TCF3 homodimer was bound with
an asymmetric central sequence (5′-CACCTG-3′) (19), but
was absent in the TCF3-NeuroD1 heterodimer bound with
an asymmetric sequence (5′-CATCTG-3′) (20) (Supplemen-
tary Figure S4).

The next base pair, T2:A2, is engaged in the most di-
rect contacts (Figure 5D). First, the adenine forms one H-
bond with E577 (via the exocyclic N6-amino group). Sec-
ond, the paired thymine at T2 forms a weak O••• H-C type
H-bond (52), and its 5-position methyl group is within van
der Waals contact distance of C� atom of N574 (Figure
5D). The next base pair, G3:C3 (Figure 5E), has two di-
rect contacts with E577, but the interactions are focused
on cytosine C3, the N4 and C5 atoms are within weak
H-bond distance (3.2–3.3 Å) from one of the carboxylate
oxygen atoms of E577. Among the interactions described
above, the negatively-charged residue E577 bridges between
two neighboring base pairs, A2:T2 and C3:G3; and at the
same time its carboxylate group forms two H-bonds with
the guanidino group of R580, which in turn interacts with
the phosphate group of nucleotide C3 (Figure 5F). Thus the
protein-DNA interface includes a network of interactions
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involving inter- and intra-molecular contacts (some via wa-
ter molecules) that saturate the H-bonding and electrostatic
potential of the E577•••R580 pair (Figure 5F). There are
two roughly pentagonal interactions formed by, first, the
five water molecules numbered 2–6, and second by the three
waters numbered 1, 2, and 6 together with the side chains
of E577 and R580 (Figure 5F). The water molecules within
this network are also each saturated with four H-bonds.
Under the circumstance of saturated interactions, the side

chains of E577 and R580 are interlocked into a rigid config-
uration. Significantly, modification of C3 (5mC or 5hmC) in
the CpA dinucleotide would introduce an additional methyl
group or hydroxymethyl group that would clash with the
rigid E577•••R580 pair, resulting in repulsion between pro-
tein and DNA (Figure 5G) and reduced binding affinity.
The pentagonally-shaped water network was partially pre-
served in the structure at 1.7-Å resolution (PDB 6OD4), but
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was not visible in the structure of lower, 2.0-Å resolution
(PDB 6OD5).

Besides the aforementioned E577•••R580 stabilizing
force, for which the corresponding interactions are also
preserved in the structures of TCF3 homodimer and het-
erodimer (19,20), there are two Asn-Arg pairs that might
perform similar stabilizing interactions at the protein-DNA
interface. The N574•••R578 interaction bridges two phos-
phate groups neighboring the central cytosine (Figure 5F).
N573•••R576 bridges between the phosphate group of nu-
cleotide T5 and, through a network of water molecules, nu-
cleotides of G3 and T4 (Figure 5H). There is no direct con-
tact with base pairs immediately outside of the E-box at po-
sitions 4 and 5. The closest distance is 3.8 Å between N573
and the 5-position methyl group of T5 (Figure 5H).

Recognition of 5caC modification

To understand the enhanced affinity of TCF4 for 5caC
in E-box-flanking DNA, we next co-crystallized the TCF4
bHLH domain with a 12-base pair palindromic sequence
containing a fully modified 5caCpG immediate outside the
E-box element (5caCGCACGTG; Figure 6A). The over-
all structure is essentially identical to that of the TCF4-
unmodified DNA complex (Figure 6B). The largest differ-
ences are localized to the N-terminal tip of the basic re-
gion, and the two base pairs where the modification occurs
(Figure 6C). Three residues undergo large conformational
changes in response to 5caC modification: R569 moves to-
wards the DNA vs. pointing away, and the N573•••R576
bridge breaks as the two residues move in opposite direc-
tions (Figure 6D). Concurrently, the central base pairs of
DNA (bp 1–2) have the least conformational difference,
while the remaining base pairs (bp 3–6) have an increased
shift towards the protein, due to gained interactions (Fig-
ure 6E). The acquired additional interactions include N573
interacting with guanine G3, and positively charged R569
and R576 interacting with the negatively charged carboxy-
late group of 5caC at C4 and C5 respectively (Figure 6F-
H). The gained H-bonds and electrostatic interactions give
rise to favorable binding of 5caC DNA as indicated by the
change of binding entropy factor (-T�S in Supplementary
Figure S2).

TCF4 mutations in Pitt-Hopkins syndrome

The TCF4 missense mutants in the HLH domain asso-
ciated with Pitt-Hopkins syndrome include five arginine
residues in the basic region (R569, R576, R578, R580 and
R582), and two alanine residues involved in dimerization
(A587 and A614) (Figure 1B and Supplementary Figure
S5A). Of these seven, six are highly conserved in all classes
of Vertebrata, and even in related transcription factors
such as TCF12 and Atonal (Supplementary Figure S6).
Among these seven residues, three have two substitutions
each associated with Pitt-Hopkins syndrome, resulting in
total of 10 mutant proteins. Previously, Sepp et al. exam-
ined the effect of five mutants on DNA binding using in
vitro translated proteins (R576Q, R578H, R580W, R582P
and A614V) (17). Among them, the four mutations of argi-
nine abrogated DNA binding completely, and binding by

A614V was severely reduced (17). When the Pitt-Hopkins
syndrome-associated mutations of TCF4 were introduced
to Drosophila daughterless, R580W and R582P mutants act
dominant negatively, whereas R578H and A614V mutants
were hypomorphic and less potent in induction of diseased
phenotype (53).

The substitutions of arginine with large aromatic tryp-
tophan (R569W and R580W) and smaller glycine (R576G)
or rigid proline (R578P and R582P) would bring hydropho-
bicity to the basic region or altered structure in the middle
of long helix �1, suggesting that it is loss of function alter-
ations in TCF4 that are important in disease. This is con-
sistent with the high conservation of these residues (Sup-
plementary Figure S6). Indeed, the R569W mutant exhib-
ited concentration-dependent aggregation, and diminished
in DNA binding (Supplementary Figure S5B-S5C). This
is reminiscent of MAX R36W (a related bHLH protein),
of which is associated with myeloma (33). However, while
the DNA binding is decreased, R569W retains its prefer-
ence, albeit much reduced, for fully-carboxylated sequences
(Supplementary Figure S5C), suggesting that R576 (the sec-
ond 5caC-interacting arginine) is still partially functional
for carboxylate group recognition in the context of R569W
mutation.

Among the arginine residues mutated in the Pitt-Hopkins
syndrome, R582 is the only arginine not involved in binding
of either base or phosphate backbone in the cognate com-
plex (Supplementary Figure S5D). However, R582 contacts
a phosphate group from the minor groove side in the non-
cognate complex (Figure 4A), which might indicate that
R582 plays a role in guiding TCF4′s transition from non-
specific to specific DNA interactions along the substrate-
recognition pathway.

Substitution of the positively-charged arginine with a
polar glutamine or histidine occurs at TCF4 residues 576
(R576Q), 578 (R578H) and 580 (R580Q). Although the mu-
tant residues retain the ability to make H-bonds, lack of a
positive charge could affect interactions with the negatively-
charged DNA phosphate group, and/or the shortened side
chain could disrupt R•••E/N interactions (Figure 5). In
the case of MAX R60Q, a mutation found in a wide vari-
ety of cancers including endometrial, glioma, acute myeloid
leukemia, colorectal and stomach, the mutant protein had
significantly reduced DNA binding (33). Two additional
missense mutations that were observed in the helical regions
(A587P and A614V) (Supplementary Figure S5E) might
break helix �1 and/or affect dimerization.

DISCUSSION

Hydroxymethylcytosine (5hmC) is highly abundant in the
brain (54), accumulating during lineage specification of
neural stem cells (55) as well as in brain tumor cells (56). Tet
dioxygenases are responsible for successive 5mC oxidations
to 5hmC, 5fC and 5caC (26,27). Indeed, the levels of 5mC
undergo dynamic change in brain development from fetus
to young adult (57). Moreover, genome-wide mapping of
Tet3 binding sites in mouse neural progenitor cells are selec-
tively enriched for sequences containing an E-box motif (5′-
TCACGTGA-3′) (58). Besides the dioxygenase activity that
generates 5caC, Tet3 contains a DNA-binding CXXC do-
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main, which binds 5caC (58,59). 5caC, the final product of
Tet-mediated oxidation, together with 5fC, is found at much
lower levels at steady state (1–10% that of 5hmC), preferen-
tially accumulates at enhancers and other distal regulatory
regions (such as promoter), and correlates with chromatin
accessibility (60–66), implying that the dynamic turnover of
5mC may be particularly important in enhancer function. A
recent study in human preimplantation embryos suggested
that both 5fC and 5caC were present in the chromosomes
during the whole period of preimplantation development,
and each modification had its own pattern (67). ChIP-seq of
TCF4 in neural-derived cells indicates TCF4 binding sites
are enriched at active enhancers (23,24).

Here, we provide in vitro evidence that TCF4 binding is
enhanced by the presence of 5caC immediately adjacent to
the E-box. To our knowledge, there are no currently avail-
able data showing specific binding of 5caC-marked DNA,
for TCF4 or any other transcription factor, in a cellular
context. Genes potentially regulated directly by the bind-
ing of TCF4 include CNIH3, a gene involved in opioid
dependence (68), LMX1A, a LIM homeobox transcrip-
tion factor that drives Cux2 expression in the forebrain
(69), TRIM8, an E3 ubiquitin ligase that regulates glioma-
driving genes and functions related to the central nervous
system (70), IDH2, a key metabolic enzyme that generates
�-ketoglutarate, and TET1, one of the three 5mC dioxyge-
nases that uses �-ketoglutarate as enzymic cofactor (Sup-
plementary Figure S3C). It remains to demonstrate, in a
cellular context, that the regulation of gene expression at

these loci involves TCF4 binding to DNA marked by 5caC.
We note that a previous example illustrated the consequence
of protein-5caC interaction that the presence of 5caC on a
template DNA strand reduced rate and substrate specificity
of RNA polymerase II transcription (71).

We showed previously that another bHLH transcription
factor, MAX, exhibits the greatest affinity for a 5caCpG in
the central E-box (5′-CA-CG-TG-3′) (33). MAX arginine
R36 recognizes 5caC; the corresponding residue in TCF4
is a hydrophobic valine (V581; see Figure 1C). In contrast,
TCF4 demonstrated the highest affinity for a 5caCpG im-
mediately adjacent to an E-box (5′-CG-CACGTG-3′) and
R569 and R576 recognize, respectively, two 5caC residues
of a fully-modified CpG site (Figure 6G and H). The corre-
sponding residues in MAX are a lysine and a leucine (Figure
1C). Thus, two closely-related bHLH proteins use unique
arginine residues for recognition of 5caC located at differ-
ent positions of E-box elements. Furthermore, our analy-
ses show the position-dependent effect of differential DNA
modification at two cytosine residues on the binding affinity
of TCF4. Specifically, TCF4 binding to DNA is affected dif-
ferently by the modification at the outer CpG and its imme-
diate neighbor CpA. In sum, these data raise the possibility
that the role of DNA modification (methylation and/or oxi-
dation) in regulating transcription factor activity is likely to
be more refined than a simple on-off switch. Our study sug-
gests that gene expression could plausibly be controlled by
a combination of DNA sequence variations in the recogni-
tion sequence, patterns of DNA modification, and variable
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structural architectures of DNA-binding proteins, such as
the basic region of bHLH when encountering DNA from
either minor or major grooves. These observations imply
existence of multiple layers of subtlety and versatility in epi-
genetic regulatory processes.

Although the principle of proteins recognizing DNA se-
quences by contacts in the major groove has been known
for decades (72), our study on a relatively simple bHLH do-
main revealed five unique conformations along the protein-
recognition pathway from nonspecific to specific complexes.
Nonspecific interactions (conformations 1 and 2) can occur
in the DNA minor groove, whereas direct interactions with
bases occur only in the DNA major groove (conformation
3). The basic region of the recognition helix is intrinsic flex-
ible, adopts multiple conformations ranging from a disor-
dered, extended loop to part of a rigid helix (conformation
4). Two arginine residues (R569 and R576) can switch roles
from a purely electrostatic interaction with a DNA phos-
phate to a highly specific binding mode with base modifi-
cation (5caC) (conformation 5). This switch effectively in-
creased binding affinity as well as extending the recognition
sequence from 6-bp to an 8-bp extended E-box. Our data
suggest a temporal order for the formation of specific con-
tacts during the search along the DNA.
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