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Abstract

Three oxidative products of 5-methylcytosine (5mC) occur in mammalian genomes. We evaluated 

if these cytosine modifications in a CG dinucleotide altered DNA binding of four B-HLH 

homodimers and three heterodimers to the E-Box motif CGCAG|GTG. We examined 25 DNA 

probes containing all combinations of cytosine in a CG dinucleotide and none changed binding 

except for carboxylation of cytosine (5caC) in the strand CGCAG|GTG. 5caC enhanced binding of 

all examined B-HLH homodimers and heterodimers, particularly the Tcf3|Ascl1 heterodimer 

which increased binding ~10-fold. These results highlight a potential function of the oxidative 

products of 5mC, changing the DNA binding of sequence-specific transcription factors.
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Introduction

In mammals, ~60–80% of the cytosines in the CG dinucleotide are methylated in somatic 

cells, particularly in the CG poor regions of the genome [1]. The biological consequences of 

5mC in the CG dinucleotide vary [2] [3] [4]. Methylation can inhibit the DNA binding of 

transcription factors (TFs) involved in housekeeping functions like ETS (CCGGAA), SP1 

(CCCGCC), and NRF-1 (CGCCTGCG) [5] suggesting a mechanistic link between 

hypermethylation of CG islands and gene suppression that is observed in some cancers [6]. 

Alternatively, CG dinucleotide methylation can increase DNA binding of TFs [7] resulting 

in repression [8] and/or activation of nearby genes [9]. For example, C/EBP family members 
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preferentially bind methylated DNA sequences and are critical for activation of tissue 

specific promoters during differentiation [7].

Recently, the TET family of dioxygenases was identified that iteratively oxidize 5mC to 5-

hydroxymethylcytosine (5hmC), then 5-formylcytosine (5fC), and finally 5-

carboxylcytosine (5caC) [10]. Both 5fC and 5caC can be removed by mammalian thymine 

DNA glycosylase (TDG) and replaced with cytosine (C) to complete the demethylation of 

5mC, which occurs when cells differentiate. The abundance of different cytosine forms 

varies dramatically within cells and between cell types suggesting a potential biological 

function [10] [11] [12].

The effect of 5hmC, 5fC, and 5caC on DNA binding of TFs is only now being investigated 

[13]. In the present study, we used the Electrophoretic mobility shift assay (EMSA) to 

examine the DNA binding of four B-HLH homodimers and three heterodimers to 25 double-

stranded DNA 28-mers (dsDNA) containing the E-Box 8-mer CGCAG|GTG with different 

cytosine forms of the CG dinucleotide and observe that 5caC enhances DNA binding. These 

results were confirmed circular dichroism (CD) thermal denaturation.

Material and methods

Protein binding microarrays

The 40,000 feature array design consists of 60-mer DNAs, 35-bps are unique DNA 

sequences connected to a common 25-bp sequence used for double stranding [14]. CG 

dinucleotides were enzymatically methylated and the effect on DNA binding was 

determined [9].

In-vitro transcription & translation

Protein synthesis was performed using in-vitro translation kit (PureExpress, NEB) and the 

resulting reaction was diluted to a ratio of 1:5 with CD buffer (150 mM KCl, 12.5 mM 

K2HPO4-KH2PO4, pH 7.4, 1 mM DTT, 0.25 mM EDTA). 2 µL of diluted reaction mixture 

containing Tcf3|Ascl1 heterodimer was used in EMSA assays described below.

DNA oligonucleotides

Twenty single-stranded DNA 28-mer (ssDNA) cartridge-purified oligonucleotides were 

purchased from W.M. Keck Oligonucleotide Synthesis Facility at Yale to examine two DNA 

sequences. Five 28-mer DNAs (CTGACCGATACGCAG|GTGCCTGACTGAC) termed the 

sense strand (a) contained different versions of the cytosine in bold (C, 5mC, 5hmC, 5fC, 

5caC). The strong E-Box motif is underlined and the center of the dyad is marked. Five 28-

mer DNAs termed the anti-sense strand (b) (GTCAGTCAGGCAC|CTGCGTATCGGTCAG) 

contained different versions of the cytosine in bold. The weak E-box 28-mer on the sense-

strand (a) is CTGACCCATACGCAA|ATGTCTGACTGAC. The anti-sense strand was end-

labeled with γ-32P ATP (specific activity 5000 Ci/mmol, MP Biomedicals) using T4 

polynucleotide kinase (NEB), and was purified by ProbeQuant G-50 micro column (GE 

Healthcare Biosciences). dsDNA probes were generated by annealing the labeled anti-sense 

strand and unlabeled sense strand.
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EMSA

The binding of B-HLH proteins to 25 dsDNAs with all possible modifications of cytosine in 

a CG dinucleotide was analyzed by EMSA [15]. For Tcf3|Ascl1 heterodimer made by IVT, 

2 µL of diluted protein was used. For EMSA with purified B-HLH domains, 10 µM dimer 

was heated at 65°C for 15 min in the presence of 1 mM DTT, followed by cooling at room 

temperature for 5 min. Protein dimers and 32P-labeled dsDNA (7 pM) were then added to 

the EMSA binding buffer (CD buffer containing 0.5 mg/mL BSA, 10% glycerol, 0.02µg/µL 

poly dIdC, 10 mM MgCl2) in a final volume of the reaction 20 µL.

Protein expression and purification

The DNA binding B-HLH domains of Tcf3, Tcf4, Tcf12, and Ascl1 were expressed from a 

T7 expression vector named pT5 plasmid [16] in E. coli BL21 DE3 (LysE) cells. Cells were 

grown, induced, and collected by centrifugation at +4°C for 15 min at 6000×g. The pellet 

was resuspended in 4 mL lysis buffer (50 mM Tris-HCl, pH 8.0; 1 mM EDTA; 1 mM DTT; 

0.2 mM PMSF), frozen on dry ice and lysed at room temperature in the presence of 1.3 M 

KCl. The lysate was centrifuged at 30,000 rpm for 30 min in the Beckman L8-80 

ultracentrifuge in the 60Ti rotor. The pellet was brought to 4 M urea, sonicated, heated at 

65°C for 15 min, and centrifuged at 5400×g for 10 min [17]. The supernatant was dialyzed 

to a low salt buffer (20 mM Tris-HCl, pH 8.0, 10 mM KCl, 1 mM EDTA, 1 mM DTT, 0.2 

mM PMSF) using the Amicon Ultra-15 column (catalog # UFC901024, EMD Millipore), 

and then loaded to a SP Sepharose column (catalog # 17-0729-01, GE Healthcare 

Biosciences). The protein was then eluted off the column using 300 mM and 1,000 mM KCl 

and purified by HPLC. Tcf4 has a C-terminal His tag (HHHHHH) and Ascl1 has a C-

terminal Flag φ10 tag (MDYKDDDDKHMASMTGGQQMGRDP). The amino acid 

sequences for the proteins are.

Tcf3:MGHMVHRPWIQDEVLSLEEKDLRDRERRMANNARERVRVRDINEAFR

ELGRMCQ 

LHLKSDKAQTKLLILQQAVQVILGLEQQVRERNLNPKAACGGRTRIVSAHNS

ENEL

Tcf4:MGNNDDEDLTPEQKAEREKERRMANNARERLRVRDINEAFKELGRMV

QLHLKSD 

KPQTKLLILHQAVAVILSLEQQVRERNLNPKAACLKRREEELHHHHHH

Tcf12:MGSTNEDEDLNPEQKIEREKERRMANNARERLRVRDINEAFKELGRM

CQLHLKS EKPQTKLLILHQAVAVILSLEQQVRERNLNPKAACLKRREEEL

Ascl1:MASGFGYSLPQQQPAAVARRNERERNRVKLVNLGFATLREHVPNGAAN

KKMSK 

VETLRSAVEYIRALQQLLDEHDAVSAAFQAGVLSPELMDYKDDDDKHMASM

TGGQQMGRDP

CD spectroscopy

CD spectroscopy was performed using a Jasco J-720 spectropolarimeter and thermal 

denaturation curves were fitted [18]. The sum line in figure 3A is twice the concentration.
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Crystal structure of transcription factor E47 (Tcf3) homodimer

The image of the X-ray structure of the E47 homodimer bound to DNA [19] was generated 

using the program Chimera http://www.cgl.ucsf.edu/chimera/.

Results

Protein binding microarrays

We used protein binding microarrays [14] to determine the DNA binding specificities of the 

Tcf3|Ascl1 heterodimer binding to unmethylated and enzymatically methylated CG 

dinucleotides using Agilent microarrays containing 40,000 features. The Tcf3|Ascl1 

heterodimer bound the E-box motif 8-mer CGCAG|GTG well when both cytosines in the 

CG dinucleotide were either unmethylated (C) or 5mC (Figure 1A). Methylation of a CG 

dinucleotide in the center of E-Box (CGCAC|GTG) inhibits binding (Table1).

In vitro translated Tcf3&Ascl1 proteins binding 25 different dsDNA with modified CG 
dinucleotides

The five ssDNA 28-mers (CTGACCGATACGCAG|GTGCCTGACTGAC) with different 

cytosines were annealed with the complementary ssDNA to make 25 dsDNAs with different 

chemical forms of the CG dinucleotide. Figure 1B is an EMSA with 25 DNAs shows that 

the Tcf3|Ascl1 mixture bound five DNAs and all contain 5caC for the C in bold (CGCAG|

GTG). Other cytosine modifications did not affect dramatically DNA binding.

Four B-HLH homodimers binding 25 dsDNAs

To quantify the contribution of 5caC to Tcf3|Ascl1 binding, we used pure B-HLH domains. 

Figure 1C–F presents an EMSA using two DNAs, unmodified DNA and DNA with two 

5caCs in the CG dinucleotide in CGCAG|GTG. A half-log dilution from 1,000 nM to 10 nM 

of four B-HLH homodimers shows 5caC increases binding of all four homodimers with 

Ascl1 showing the largest increase in binding by ~6-fold. Next, we examined homodimer 

binding to 25 dsDNAs with different CG dinucleotides. All four homodimers at 300 nM 

preferentially bound the five DNAs containing 5caC in the CG dinucleotide in CGCAG|

GTG (Table 2).

Tcf3|Ascl1 heterodimer binds CGCAG|GTG ~10-fold better when the CG contains 5caC

We next examined an equimolar mixture of purified Tcf3 and Ascl1 B-HLH domains 

binding to modified CG dinucleotides. Figure 2A presents an EMSA of the Tcf3|Ascl1 

heterodimer with a half-log dilution from 30 nM to 0.3 nM binding to the two DNAs 

described previously, unmodified and 5caC containing DNA. The mixture of Tcf3 and Ascl1 

binds better (Kd=10–30 nM) than either the Tcf3 homodimer (Kd=300–1,000 nM) or the 

Ascl homodimer (Kd=300–1,000 nM) indicating that the mixture is forming Tcf3|Ascl1 

heterodimers as expected [20]. Two 5caCs in the CG dinucleotide increases DNA binding 

~10-fold to a Kd between 1 and 3 nM. We next examined 3 nM Tcf3|Ascl1 heterodimer 

binding to 25 dsDNAs. Only DNA containing 5caC in the cytosine in bold CGCAG|GTG (a) 

is well bound. A modest inhibition of binding is observed with 5hmC in the CGCAG|GTG 

8-mer.
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The Tcf3|Ascl1 heterodimer binds the weak E-box CGCAA|ATG ~10-fold better when the 
CG contains 5caC

Tcf3|Ascl1 binding the weak E-Box CGCAA|ATG (Table 1) is enhanced by 5caC. Figure 

2B presents an EMSA with a half-log dilution from 1,000 nM to 10 nM of the Tcf3|Ascl1 

heterodimer binding unmodified and 5caC containg DNA. Binding to CGCAA|ATG is ~ 

100-fold weaker than CGCAG|GTG. Again, 5caC in the CG dinucleotide is bound ~10-fold 

better. When 300 nM of protein was used, of the 25 dsDNAs that were examined, only the 5 

probes containing 5caC for the cytosine in bold (CGCAA|ATG) are well bound.

The Tcf4|Ascl1 and Tcf12|Ascl1 heterodimers

Figure 2C–D presents an EMSA of Tcf12|Ascl1and Tcf4|Ascl1 heterodimers from 200 nM 

to 2 nM binding the two DNA probes with CGCAG|GTG discussed previously. Both Tcf12|

Ascl1 and Tcf4|Ascl1 mixtures bind unmodified DNA better than the either homodimer 

indicating heterodimer formation. 5caC increases binding of Tcf12|Ascl1 and Tcf4|Ascl1 

heterodimers ~10-fold and ~6-fold respectively. Tcf12|Ascl1 and Tcf4|Ascl1 heterodimers 

binding to 25 dsDNAs show binding to the five DNAs containing 5caC in CGCAG|GTG)

CD spectra and stability of the Tcf3|Ascl1 heterodimer bound to 4 dsDNAs

CD spectroscopy was also used to examine DNA binding. Thermal stability of Tcf3, Ascl1, 

and Tcf3|Ascl1 mixture was measured at 222 nm to determine the α-helical content of the 

dimers (Figure 3A). With heating, the Tcf3 homodimer cooperatively looses ellipticity at 

222 nm as observed for other B-HLH homodimers [21] [22] with a Tm of 63.2 °C. The 

denaturation is well fit using a two-state model of α-helical dimers becoming unhelical 

monomers. The Ascl1 homodimer is less stable and we do not observe a low temperature 

baseline. The mixture of Tcf3 and Ascl1 has a Tm of 55.4 °C which is more than the sum of 

the two homodimer denaturations suggesting heterodimer formation. Addition of DNA 

increased both the ellipticity and stability of Tcf3|Ascl1 heterodimer. The Tcf3|Ascl1 

heterodimer bound to DNA is less stable than dsDNA alone suggesting that the loss of 

ellipticity at 222 nm is not a consequence of the melting of the DNA but that the heterodimer 

denatures upon heating in the presence of dsDNA, a wavelength were the ellipticity of DNA 

does not change when dsDNA is denatured [7].

CD spectra and thermal stability of DNA containing 5caC

Next, we determined if 5caC in a CG dinucleotide changes the stability of both strong 

(CGCAG|GTG) and weak E-Box (CGCAA|ATG) motif dsDNA. The CD spectra from 200 

nm to 300 nm of 4 dsDNAs at 6°C, unmodified cytosine, 5caC on one strand, and 5caC on 

both strands, is similar (Figure 3B and 3C), with a minimum at 245 nm and maximum 

between 270 nm and 280 nm, traits of B-form DNA [23]. Thermal stability at 245 nm shows 

that, for both strong and weak E-Box motif the unmodified DNA is most stable of the 4 

DNAs, denaturing at 74°C and 70°C respectively. The two DNAs containing one 5caC in the 

strong E-Box are less stable, (68°C and 69°C) while the DNA with two 5caC is the least 

stable (67°C) (Table 3, Figure 3 D). Similarly, for weak E-Box the two DNAs with one 5caC 

are less stable and the DNA with two 5caC is the least stable, as seen for the 28-mers with 

CGCAG|GTG in the center (Figure 3E, Table 4). The thermal denaturation of Tcf3|Ascl1 
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heterodimer bound to dsDNA containing CGCAA|ATG did not produce a clear two-state 

transition indicative of poor binding as observed with EMSA.

CD spectra and stability of the Tcf3|Ascl1 heterodimer bound to modified dsDNAs

The thermal stability of the Tcf3|Ascl1 heterodimer monitored at 222 nm is greater when 

bound to the two DNAs containing 5caC in the CG dinucleotide in CGCAG|GTG (Tm = 

64.4 and 64.2°C) compared to the two DNAs containing cytosine (Tm = 61.4 and 61.8°C) 

(Figure 3F, Table 3). The thermal stability of the Ascl1 homodimer shows similar traits, 

stability is higher when bound to two DNAs that contain 5caC in the CG dinucleotide in 

CGCAG|GTG (Tm = 48.5 and 47.8°C) compared to the two DNA containing unmodified 

cytosine (Tm= 43.6 and 41.2°C) (Figure 3G, Table 3).

Crystal structure of transcription factor E47 (Tcf3) homodimer bound to DNA

Most crystal structures of B-HLH domains bound to DNA do not show a protein interaction 

with the base in the position analogous to the 5caC [24]. However, the E47 (Tcf3) 

homodimer bound to E-Box DNA shows an arginine interacting with an adenine (Figure 4A) 

that is in the same position as the 5caC that increases Tcf3|Ascl1 binding [19] suggesting a 

direct protein-DNA interaction. Figure 4B presents the amino acid sequence of DNA 

binding region of the four B-HLH proteins used in this study. The arginine in the E47 

homodimer structure that interacts with the base 5-bp from the center of the dyad is 

conserved in four B-HLH proteins examined and may explain preferentially bind of 5caC.

Discussion

Three oxidative products of 5mC have recently been identified in mammalian genomes and 

their biological significance is being investigated [11]. Their abundance varies in tissues [10] 

suggesting they are regulated intermediates with the potential to have biological functions. A 

potential function of the three oxidative products of 5mC is to change the sequence-specific 

DNA binding of TFs. We used EMSA and CD spectroscopy to examine the effect of five 

cytosine nucleotides (C, 5mC, 5hmC, 5fC, and 5caC) on binding of 4 B-HLH homodimers 

and 3 B-HLH heterodimers both binding to DNA. We examined 25 DNAs containing 

different 11 combinations of modified C on the two Cs in the CG dinucleotide of the “flank” 

of the E-box 8-mer CGCAG|GTG. When the cytosine in bold is carboxylated (5caC), 

binding in increased for all 4 homodimers and 3 heterodimers. The Tcf3|Ascl1 heterodimer 

showed the strongest preferential of ~10-fold, more than either homodimer. However, we do 

not know which monomer in the Tcf3|Ascl heterodimer is binding 5caC. The heterodimer 

could exist as an ensemble of two states, one where theTcf3 monomer is interacting with 

5caC and the second where the Ascl1 monomer is interacting with 5caC. Thus, changing the 

monomer which is ~ 20 angstroms away from 5caC can change the preferential binding of 

the second monomer in the dimer. Elucidating the allosterical mechanisms acting over long 

distances would be interesting to unravel.

B-HLH TFs recognize E-box sequences (CAN|NTG) [20] (for clarity, we place a vertical 

line in the center of B-HLH dyad). Tcf3 (aka E12, E47) heterodimerizes with different B-

HLH proteins in different tissues in mouse [25] and human [20]. For example, Tcf3 
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heterodimerizes with myoD to drive muscle differentiation [26] and NeuroD to drive neuron 

differentiation [27].

There are over 60 members of the B-HLH family of transcription factors or proteins 

dimerize as homodimers and heterodimers and binds to E-Box like sequences (CAN|NTG) 

[20]. Some B-HLH members, e.g. Myc|Max heterodimers, drive cell growth [21] while other 

members, e.g. Tcf3|MyoD heterodimers, drive cell differentiation [28]. The various cytosine 

modifications in E-Box motifs may add an additional layer to DNA binding specificity of 

this family of proteins. We propose that arginine in the E47 homodimer (Tcf3) that is 

interacting with the same base as the critical 5caC may mediate the preferential binding to 

5caC [19]. This arginine is conserved in Tcf family members and their dimerization partners 

but not for the B-HLH proteins involved in cell growth like Myc and Max. Potentially when 

5caC is produced during the demethylation of tissue specific enhancers [3], Tcf3 and its 

various heterodimer partners bind these DNA sequences and shift the cell toward 

differentiation and away from B-HLH dimers involved in cell growth that do not have the 

arginine hypothesized to bind 5caC.

The abundance of oxidation products of 5mC in cells can be modulated by either activating 

TET enzymes or inactivating thymine DNA glycosylase (TDG)-mediated base excision 

repair [29]. Determining if B-HLH proteins bind to 5caC containing CGCAN|NTG in cells 

is difficult because their occurrences in genome are rare [10]. If experimental systems can be 

identified where these modification are more abundant, it may become feasible. Methods 

have been developed to determine the occurrence of 5hmC [30] and 5fC [31] at single CG 

dinucleotide resolution. Development of methods to determine 5caC in the genome at CG 

dinucleotide resolution is necessary. In summary, some B-HLH proteins preferentially bind 

the E-Box motif (CAN|NTG) with a CG dinucleotide on the flank when it contains 5caC.
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Abbreviations

C Cytosine

B-HLH Basic-helix-loop-helix

E-Box Enhancer Box

Tcf3 Transcription factor 3

Tcf4 Transcription factor 4

Tcf12 Transcription factor 12

Ascl1 Achaete-scute homolog 1
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5mC 5-methylcytosine

5hmC 5-hydroxymethylcytosine

5fC 5-formylcytosine

5caC 5-carboxylcytosine

EMSA electrophoretic mobility shift assay, double-stranded DNA (dsDNA), 

single-stranded DNA (ssDNA)
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Highlights

• B-HLH proteins bind the E-Box 8-mer CGCAN|NTG better to 

carboxylcytosine in the CG dinucleotide.

• The Tcf3|Ascl1 heterodimer preferentially binds to 5caC better than either 

homodimer.

• Increased binding of 5caC to B-HLH proteins was confirmed by circular 

dichroism thermal denaturation.

• 5caC increased Tcf3|Ascl1 heterodimer binding ~10-fold

• 5hmC and 5fC did not change binding.
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Figure 1. 8-mers bound by Tcf3|Ascl1 heterodimer and EMSA with pure Tcf3 B-HLH domain
A) Z-scores for 8-mer DNA binding by the Tcf3|Ascl1 heterodimer calculated from protein 

binding arrays that contained either unmethylated or methylated cytosine in the CG 

dinucleotide [9]. All 16 E-Box sequences CGCAN|NTG are in red. B) EMSA of Tcf3 & 

Ascl1 mixture produced by in-vitro transcription translation reaction binding to 25 dsDNA 

28-mers containing CGCAG|GTG with different chemical forms of the CG dinucleotide. 

The heterodimer only binds when 5caC is in the CG dinucleotide in the 8-mer CGCAN|

NTG. EMSA with pure Tcf3 B-HLH domain: C) a half-log dilution from 1,000 nM to 10 
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nM for the Tcf3 homodimer binding two DNA 28-mers showing preferential binding to 

DNA containing 5caCs in the CG dinucleotide. The right panel shows 300 nM Tcf3 

homodimer binding to 25 DNAs with different cytosine forms of the CG dinucleotide. D) 
Tcf4, E) Tcf12, and F) Ascl1.
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Figure 2. Tcf3|Ascl1, Tcf4|Ascl1, and Tcf12|Ascl1 heterodimers binding modified CGs in two 8-
mer: CGCAG|GTG and CGCAA|ATG
A) EMSA showing a half-log dilution from 30 nM to 0.3 nM for the Tcf3|Ascl1 heterodimer 

binding two dsDNA 28-mers containing CGCAG|GTG, unmodified and containing 5caC in 

the CG dinucleotide. The right panel shows 3 nM Tcf3|Ascl1 heterodimer binding to 25 

DNAs (see Figure 1). (B) EMSA showing a dilution from 1,000 nM to 10 nM for the Tcf3|

Ascl1 heterodimer binding two dsDNA 28-mers containing a weak E-Box (CGCAA|ATG). 

The right panel shows binding of 300 nM Tcf3|Ascl1 heterodimer to 25 DNAs. (C) EMSA 
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showing a dilution from 200 nM to 2 nM for the Tcf12|Ascl1 heterodimer binding two 

dsDNAs 28-mers containing CGCAG|GTG. The right panel shows 60 nM Tcf12|Ascl1 

heterodimer binding to 25 dsDNAs. D) Tcf4|Ascl1.
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Figure 3. (A) Circular dichroism spectra and thermal denaturation of DNA, Protein, and DNA-
Protein complex
CD at 222 nm of the thermal stability of 2 µM Tcf3 homodimer (✳), Ascl1 homodimer (▲), 

and Tcf3Ascl1 heterodimer in the absence (▼), or presence of dsDNA 28-mer containing 

the unmodified E-Box CGCAG|GTG (○). The grey circles show the sum of the Tcf3 and 

Ascl1 thermal denaturation curves. Thermal denaturation at 245 nm of 2 µM dsDNA 28-mer 

containing CGCAG|GTG (□). (B–C) CD spectra from 200 nm to 300 nm at 6°C for four 

dsDNAs that vary 5caC in the CG dinucleotide (2 µM) containing strong E-box (CGCAG|

GTG) and weak E-Box (CGCAA|ATG). (D–E) Thermal stability of the four dsDNA 28-
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mers described in B monitored by circular dichroism at 245 nm. A fitted curve to a two-state 

transition is shown. (F–G) Thermal stability of 2 µM Tcf3|Ascl1heterodimer and Ascl1 

homodimer monitored at 222 nm in the absence (▼) or presence of the four DNAs described 

above.
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Figure 4. Crystal structure of transcription factor E47 (Tcf3) homodimer bound to DNA
The DNA is in red. One monomer is in grey, the second monomer is in green, the adenine in 

the same position as the critical 5caC is in blue and the invariant arginine is in black. B) 
Amino acid sequence for the DNA regions of the B-HLH transcription factors [28] of Tcf3, 

Tcf4, Tcf12, and Ascl1. The invariant arginine that interacts with the adenine in the E47 

homodimer|DNA complex is in red.
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Table 1

Z-scores for the E-Box motifs (CGCAN|NTG) bound by Tcf3|Ascl1 heterodimer on methylated and 

unmethylated arrays.

E-Box motif 8-mer Unmethylated Methylated

CGCAG|GTG 120.7 180.0

CGCAC|CTG 101.0 140.0

CGCAG|CTG 70.5 63.7

CGCA|GATG 32.9 27.4

CGCAT|CTG 15.8 24.2

CGCAC|ATG 9.4 8.2

CGCAT|ATG 7.7 5.6

CGCAT|GTG 5.6 3.7

CGCAA|GTG 1.5 2.2

CGCAA|CTG 2.3 2.0

CGCAG|TTG 3.3 1.4

CGCAA|TTG 0.3 1.2

CGCAC|TTG 1.7 1.0

CGCAA|ATG 0.6 0.7

CGCAC|GTG 13.8 0.2

CGCAT|TTG 0.7 0.2
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Table 2

~Kd ranges for B-HLH homodimers and heterodimers binding dsDNA 28-mers with the E-Box CGCAG|GTG, 

as estimated by EMSA. Fold increase in binding caused by 5caC.

B-HLH domains CGCAG|GTG
Kd (nM)

~fold increase in binding
caused by 5caC

Tcf3 300–1,000 ~2

Tcf4 300–1,000 ~3

Tcf12 100–300 ~4

Ascl1 300–1,000 ~6

Tcf3|Ascl1 10–30 ~10

Tcf4|Ascl1 60–200 ~6

Tcf12|Ascl1 60–200 ~10
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Table 3

The CD thermal denaturation monitored at 245 nm for four dsDNA 28-mers containing CGCAG|GTG (a) 

where the two cytosines in the CG dinucleotide are either C or 5caC. Thermal denaturation of Tcf3|Ascl1 

heterodimer and Ascl1 homodimer monitored at 222 nm bound to four DNAs.

CGCAG|GTG (°C)

DNA (E-Box) DNA
(°C±S.E.)

DNA+Tcf3|Ascl1
(°C±S.E.)

DNA+ Ascl1
(°C±S.E.)

C(a)|C(b) (○) 74.2±0.27 61.4±0.15 43.6±0.65

C(a)|5caC(b) (◑) 68.3±0.27 61.8±0.18 41.2±0.51

5caC(a)|C(b) (◐) 68.9±0.30 64.4±0.18 48.5±0.38

5caC(a)|5caC(b) (●) 67.4±0.28 64.2±0.07 47.8±0.15
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Table 4

The CD thermal denaturation monitored at 245 nm for four dsDNA 28-mers containing CGCAA|ATG (a) 

where the cytosine in the CG dinucleotide are either C or 5caC.

DNA (E-Box) CGCAA|ATG (°C)

Exp # 1
(°C±S.E.)

Exp # 2
(°C±S.E.)

C(a)|C(b) (○) 70.1±1.32 72.9±0.75

C(a)|5caC(b) (◑) 69.1±1.04 69.1±1.18

5caC(a)|C(b) (◐) 71.0±0.55 69.9±0.76

5caC(a)|5caC(b) (●) 66.4±0.50 67.3±0.60
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