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Abstract

We evaluated DNA binding of the B-HLH family members TCF4 and USF1 using protein binding
microarrays (PBMs) containing double-stranded DNA probes with cytosine on both strands or 5-
methylcytosine (5mC) or 5-hydroxymethylcytosine (5hmC) on one DNA strand and cytosine on
the second strand. TCF4 preferentially bound the E-Box motif (CANINTG) with strongest binding
to the 8-mer CAGIGTGGT. 5mC uniformly decreases DNA binding of both TCF4 and USF1. The
bulkier 5hmC also inhibited USF1 binding to DNA. In contrast, 5hmC dramatically enhanced
TCF4 binding to E-Box motifs ACATIGTG and ACACIGTG, being better bound than any 8-mer
containing cytosine. Examination of x-ray structures of the closely related TCF3 and USF1 bound
to DNA suggests TCF3 can undergo a conformational shift to preferentially bind to 5hmC while
the USF1 basic region is bulkier and rigid precluding a conformation shift to bind 5hmC. These
results greatly expand the regulatory DNA sequence landscape bound by TCF4.

Cytosine methylation outside CG dinucleotide has recently been identified in stem cells and the
brain. To explore potential changes in sequence-specific DNA binding of transcription factors, we
use Agilent DNA microarrays and did the double stranding reaction with 5mC or 5hmC. Using
this technical innovation we explored DNA binding specificity of two helix-loop-helix proteins.
For USF1, these modifications inhibited binding, while for TCF4, new sequences were bound.
This innovation of DNA microarray slides opens up new possibilities to explore how modification
of DNA alters transcription factor binding to mediate changes of biological importance.

"To whom correspondence should be addressed Tel: 1-301-496-8783, Fax: 1-301-496-8419, vinsonc@mail.nih.gov.
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Introduction

Mammalian genomes have a bipartite structure, with 98% of the genome being depleted in
CG dinucleotides and the cytosine on both DNA strands is methylated. The remaining 2% of
the genome is CG dinucleotide rich regions, known as CG islands (CGls) that are typically
unmethylated and often have housekeeping gene regulatory functions 1. Two recent
observations in mammals have expanded the possibilities for sequence-specific DNA
binding of transcription factors (TFs). First, the TET family of dioxygenases can iteratively
oxidize 5mC to 5hmC, then 5-formylcytosine (5fC), and finally 5-carboxylcytosine (5caC) 2,
resulting in five forms of cytosine in the genome whose abundance varies dramatically
between cell types suggesting potential biological function 2-4. Several studies have recently
reported that 5ShmC is involved in gene activation in differentiating cells > 6. The presence of
5hmC at the boundaries of hypomethylated regions suggests the dynamic nature of these
sharp boundaries ’.

The second observation is that 5mC can occur outside of CG dinucleotides, particularly in
stem cells 8 and brain 9 10, expanding the number of potentially modified cytosines from 42
million cytosines (two cytosines for the 21 million CG dinucleotides contained in the mouse
genome) to 1.6 billion cytosines in the mouse genome. Methylation of cytosine not in CG
dinucleotides, particularly in CA dinucleotides 11, is the dominant form of methylation in
mouse and human neurons, where it accounts for 53% of methylated cytosines °. Recent
studies show that 5hmC is abundant in the mammalian brain 9 11.12 and its levels are
dynamically regulated during brain development, increasing from 0.2% in the fetal cortex to
0.87% in the adult cortex °, indicating a likely biological role for 5ShmC in normal neuronal
development 11. 13, The effect of 5hmC, 5fC, and 5caC modifications within a CG
dinucleotide on DNA binding of TFs has been investigated 14-17 for a few TFs binding a
limited number of DNA sequences. However, little is known about how these cytosine
modifications not is CG dinucleotides affect DNA binding of TFs.

There are over 60 members of the B-HLH family of transcription factors that dimerize as
homodimers and heterodimers and bind to E-Box motifs (CANINTG) 1819, Since each
monomer of the B-HLH dimer binds a CANI half-site, we place a vertical line at the center
of the dyad for clarity. Many B-HLH proteins bind strongly to the CG dinucleotide
containing palindromic E-box CACIGTG that is enriched in CGls. Many of these proteins
are involved in housekeeping functions, including ARNTL, BHLHE40, HEY?2, MLXIP,
MAX, and USF1. In contrast, some B-HLHSs are involved in specifying cell identity and
differentiation, like ASCL1, ATOH1, NEUROD1, NEUROG, TCF4 (E2A), TCF3 (E2-2,
ITF2), and TCF12 (HEB) and bind to non-CG dinucleotide containing E-Box motifs like
CAGIGTG or CAGICTG that localize outside of CGls 20. TCF4 binds E-Box motifs both as
a homodimer and a heterodimer with various tissue specific B-HLH proteins to form
transcriptional networks that regulate cellular differentiation of many cell types 21. Aberrant
expression and/or mutations in TCF4 can cause abnormal brain development leading to
neurodevelopmental disorders such as Pitt-Hopkins syndrome, schizophrenia, Fuchs’
corneal endothelial dystrophy, and primary sclerosing cholangitis 2% 22,

Integr Biol (Camb). Author manuscript; available in PMC 2018 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Khund-Sayeed et al.

Page 3

Since the E-Box motif contains a cytosine, we hypothesized that cytosine modifications may
modulate B-HLH TF binding. To test this, we examined if 5mC and 5hmC changed the
DNA binding of TCF4 and USF1, two B-HLH TFs. Using the Agilent HK Protein Binding
Micoroarray (PBM) design 23, we performed DNA double-stranding reactions with cytosine,
5mC, or 5hmC, and examined the effect on DNA-binding of TCF4 and USF1. 5mC and
5hmC inhibits USF1 DNA-binding. 5mC inhibits TCF4 DNA binding. 5hmC in contrast
enhances DNA-binding of TCF4 to E-box motifs containing a central CG dinucleotide
(ACACIGTG). This suggesting that 5hmC can enhance TCF4 binding to E-Box matifs in
CGls to inhibit cell growth and facilitate cell differentiation.

Materials and methods

Cloning and expression of mouse TCF4 and USF1

Constructs containing the DNA binding domains (DBDs) and 50 flanking amino acids of
mouse TCF4 and USF1 were obtained from Dr. Timothy Hughes, University of Toronto,
Canada, as GST constructs cloned into the pET-GEXCT (C-terminal GST) vector 24. TCF4
and USF1 proteins were expressed using a PUREXpress /n vitro protein synthesis kit (NEB)
as suggested by the manufacturer’s protocol. For each 25 L of IVT reaction, 180 ng of
plasmid containing TCF4 or USF1 tagged to GST was used for expression. Amino acid
sequences for the B-HLH domains of TCF3, TCF4 and USF1 are shown with numbering for
TCF3 and USF1 presented. The invariant glutamate is underlined.

338 345 M8 355 365 78 385 393

TCF3: RERRMANNARERVEVEDINEAFRELGRMCQLHLKSD
TCF4: B )i
USF1:

JTELLILOQAVOVILGLEQOV
E

198 208 211 78 228 238 248 257

Design of the 40,000 (40K) feature PBMs.

The 40K array design consists of a single-stranded 60-mer containing a variable probe
sequence that is 35-bp long and a common 25-bp sequence near the glass surface which is
complimentary to the primer sequence used in DNA double-stranding. The design of this 35-
mer is based on deBruijn sequences, and each non-palindromic 8-mers occurs on 32
different probes in diverse flanking sequence contexts 2325,

Double-stranding of the microarray with either cytosine, 5mC or 5hmC.

In order to analyze the effect of 5mC and 5hmC on DNA, we modified the double-stranding
procedure described before 26 using either 5-methylcytosine (5mC, NEB) or 5-
hydroxymethylcytosine (5hmC, Zymo Research). The resulting double-stranded DNA on the
array will contain either cytosine on both strands or 5mC/5hmC on one strand and cytosine
on the second strand. This results in a hemi-methylated or hemi-hydroxymethylated state.
DNA double-stranding was performed as previously described 127,

Protein binding reaction, image quantification and analyses of Z-scores.

Protein binding reactions, image quantification, and calculation of Z-scores were performed
as described previously 27. The Z-scores for 8-mers were calculated by two different
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approaches: for each 8-mer, either the reverse complementary 8-mers was count as the same
(32,896 8-mers, e.g. CCCCCCCC and GGGGGGGG were both count as CCCCCCCC) or
not (65,536 8-mers, e.g. CCCCCCCCC and GGGGGGGG were two different 8-mers). For
32,896 8-mers, the Z-score was calculated from the average signal intensity across the 16 or
32 spots containing each 8-mer. For 65,536 8-mers, the Z-score was also calculated from the
average signal intensity across spots containing each 8-mer, but at least 10 spots containing
the 8-mer. The Z-score of 8-mer with less than 10 spots on the array was arbitrarily set as 0
to avoid noise. Z-scores for 8-mers used to describe datasets are from modified strand. We
have deposited 3 replicates of TCF4 binding cytosine and 5hmC and 2 replicates to 5mC.
For USF1, there are 2 replicates for cytosine 5mC, and 5hmC. The data are at ftp://
helix.nih.gov/pcf/chuck/Array/TCF4_and_USF/.

Structural analysis.

Results

Coordinates for crystal structure of TCF3 homodimer bound to E-box DNA were obtained
from Dr. Ellenberger 28. The USF1 bound to DNA x-ray crystal structure identifier is PDB:
1AN4 29, Molecular models were developed with the CHARMM software package 3C.
Alternate structures were obtained by energy minimization and molecular dynamics,
allowing only the sidechains of the binding glutamic acid and arginine residues and the DNA
modification groups to move. Figures were generated with the UCSF Chimera package 31.

DNA double-stranding of the microarrays.

DNA polymerases can incorporate 5mC and 5hmC into DNA when double-stranding single-
stranded DNA 32, We exploited this property to double-strand the single-stranded DNA on
an Agilent microarray using 5mC or 5hmC (Figure 1). This generates double-stranded arrays
with 5mC or 5hmC on one DNA strand, mimicking what occurs biologically in several cell
types, including brain % 13,

We monitored the DNA double-stranding reactions with Cy3-dCTP (4%) and plotted the
fluorescence intensities of the array spots after scanning at 570nm using an Agilent
SureScan scanner (Figure 2). Overall, the fluorescence intensities from double-stranding
with cytosine (Figure 2A) or 5hmC (Figure 2C) are similar and twice as high with 5mC
(Figure 2B). We divided the fluorescence intensities of each feature by the number of
cytosines in the 35-mer variable sequence that incorporates Cy3-dCTP. This analysis
indicates that probes with more cytosines have more Cy3-dCTP signal (red lines in Figures 2
A, B and C). These results suggest that the DNA double-stranding reactions were successful
when we used either cytosine, or 5mC, or 5hmC. Supplemental Figure S1 shows the
occurrence of all 8-mers on the Watson and Crick strand. The vast majority of 8-mers
(64,396) occur more than 10 times on each strand in the 40K array. 8-mers that occur less
than 10 times (1,140 8-mers) on either the Watson or Crick strand were excluded from
further analysis.
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TCF4 binding to double-stranded DNA arrays containing cytosine, or 5mC, or 5hmcC.

B-HLH dimers recognize the E-box motif (CANINTG) 18.19.33_ Figure 3A presents 8-mer
Z-scores for the TCF4 homodimer binding to double-stranded DNA containing cytosine on
both DNA strands (x-axis) compared to 5mC on one DNA strand and cytosine on the second
DNA strand (y-axis). With cytosine, all of the well-bound 8-mers contain E-Boxes, with the
non-CG dinucleotide 8-mer CAGIGTGGT being the best bound with a Z-score of 52 (Figure
3A). The presence of 5mC on one DNA strand inhibited TCF4 binding with no 8-mers being
well-bound. These data are reproducible (Supplemental Figure S2).

Figure 3B compares TCF4 binding to DNA with cytosine or 5hmC. 8-mers with no
cytosines can be used to normalize Z-scores. These 8-mers are poorly bound. The slope of
the line through 8-mers with no cytosines was 0.73. Some E-Boxes like GACACIGTG are
only well bound to 8-mers that contain 5hmC while others like CCACICTGC are only well-
bound with cytosine. Other E-Boxes are well bound to DNA containing either cytosine or
5hmC (ACAGIGTGT). Figure 3C compares the binding preferences of TCF4 to DNA
containing either 5mC or 5hmC on one-strand.

We next examined E-Box 8-mers containing only one cytosine, the cytosine in the E-Box
CANINTG. 5hmC has little effect on DNA binding for some 8-mers (GCAGIGTGT), but
drastically increases DNA binding for others (ACATIGTGG) (Figure 4). When we examined
8-mers with one cytosine that is not the canonical cytosine in the E-box motif, DNA binding
is very poor and thus the contribution of the 5mC and 5hmC at different positions in the
TFBS could not be evaluated.

An alternative method to evaluate the contribution of cytosine, 5mC, and 5hmC at different
positions in the E-Box is to examine E-Boxes with two cytosines, the cytosine in the
canonical E-Box (CANINTG) and a second cytosine elsewhere in the motif. CCADIDTGD
(Figure 5A) and DCADICTGD (Figure 5C) (where D is A, T, or G) are well bound only
with cytosine, suggesting these two positions in the E-Box motif are better bound when they
contain cytosine compared to 5hmC. 5hmC enhanced binding to DCACIDTGD with Z-
scores increasing from 13 to 52 (Figure 5B). These results are more dramatic than for E-
Boxes containing one cytosine DCADIDTGD suggesting that 5hmC contributes more than
cytosine at both positions in the TFBS to TCF4 binding. DCADIDTGC is the most variable,
with some E-Boxes increasing binding; for example the Z-score for ACATIGTGC (with
5hmC) increases from 7 to 73 while others are well bound with either cytosine or 5hmC
(Figure 5D).

TCF4 binding to the four trimer half sites: effect of cytosine or 5hmcC.

An alternative analysis is to examine how 5hmC affects TCF4 binding to the four possible
E-Box half sites: CATINTG, CACINTG, CAGINTG, and CAAINTG (Figure 6). For
CATINTG and CACINTG, some 8-mers are well bound with either cytosine or 5hmC, but
not both. Closer examination indicates that 5ShmC enhances the binding of TCF4 when the
4t position is guanine (G) (e.g., CACIGTG or CATIGTG), but inhibits binding if the 4t
position is 5hmC (CATICTG and CACICTG) (Figure 6A, 6B). The increase in binding with
5hmC and guanine in the 4™ position indicates that several E-box motifs with a central CG
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dinucleotide that are well-bound only with 5ShmC (Supplemental Figure S3). CAGINTG has
more variability. Some 8-mers are bound only with cytosines; others only with 5hmC, and
some are well bound with either cytosine or 5hmC (Figure 6C). CAAINTG is not well
bound with either cytosine or 5ShmC (Figure 6D), in agreement with previous results 1°.

Complementary 8-mers and 5hmC.

An intriguing trait of the asymmetric modification of cytosines is that modifications of
complementary 8-mers may have different effects on binding of a TF. We next examined
how 5hmC affects TCF4 binding to complementary 8-mers. Figure 7A shows the difference
in binding (i.e. difference in Z-score) between 5hmC and cytosine for the Watson strand and
Crick strand. There is a lot of variability with 8-mers in all four quadrants. We next plotted
the four E-Box half motifs. CATINTG E-Boxes tend to be better bound with 5hmC on either
strand Figure 7B. CACINTG shows the most variability with 8-mers in all four quadrants
(Figure 7C). CAGINTG tends be poorly bound with 5hmC, but the complement is good
(Figure 7D). CAAINTG is poorly bound in both cases (Figure 7E).

USF1 binding to double-stranded DNA arrays containing cytosine, 5mC, or 5hmC.

We next examined the DNA binding specificity of USF1, a B-HLH protein involved in
housekeeping functions that preferentially binds the CG dinucleotide containing E-Box
CACIGTG 20 to evaluate if 5ShmC also increased binding. Figure 8A presents 8-mer Z-scores
for the USF1 homodimer binding to double-stranded DNA containing cytosine on both
strands or DNA with one strand containing 5mC. With cytosine, all of the well-bound 8-
mers contain the E-Box with the GTCACIGTG 8-mer being the best bound with a Z-score of
87 (Figure 8A, x-axis). 5mC on one DNA strand inhibited binding of USF1, similar to
TCFA4. However, unlike TCF4, the presence of 5ShmC inhibited USF1 binding (Figure 8B, y-
axis, Figure 8C, Supplemental Figure S4 A-J).

Structural analysis of TCF3 homodimers binding to 5mC or 5hmC in the E-box.

To understand the structural effect of 5mC and 5hmC on the DNA binding of TCF4, we
compared the amino acid sequence of the DNA binding region of TCF4 and USF1. There
are many differences in the amino acids near the invariant glutamic acid that interacts with
the CA dinucleotide in the E-Box, suggesting it may be possible to map amino acids that
contribute to the differential interaction with 5hmC. Since the TCF4 crystal structure in not
available, we instead examined the X-ray crystal structure of the closely related TCF3
homodimer bound to the E-Box motif CACICTG (Ellenberger et al., 1994: coordinates
obtained from the authors) 28 (see amino acid sequence alignment in Materials and
methods).

Figure 9A shows the invariant glutamic acid, E345 (TCF3 numbering) forming hydrogen
bonds to the NH2 groups of both the cytosine and adenine in the CA dinucleotide of the E-
box motif. This interaction captures the propensity for B-HLH proteins to bind the E-Box
CANINTG. The complex is further stabilized by salt-bridges between the conserved R348
side-chain with both E345 and the 5’-phosphate of the same cytosine.
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Figure 9B is the same structure with an additional methyl group to produce 5mC. The
carbon of this added methyl group is represented as a transparent sphere to illustrate the
steric clash with both E345 and R348. The destabilization of the structure that this would
cause is likely responsible for the observed decrease in binding affinity of TCF4 with 5mC
containing E-box DNA. A larger, steric destabilization would occur for a 5hmC
modification, since it has an additional hydroxyl group. Though 5hmC is larger than 5mC, it
enhances TCF4 binding suggesting the protein and DNA form an alternate conformation.

To investigate what this alternative structure might be, molecular dynamic simulations were
performed on the 5hmC-maodified model. This was done very conservatively, allowing only
the sidechains of E345 and R348, and the added 5hmC group to move. Consistent with the
experimental data, many steric and energetically feasible structures were found containing
small conformational changes of the two amino acid sidechains. As an example, one of the
more stabilized structures is shown in Figure 9C. While a hydrogen bond is lost between the
carboxylate group of E345 and the NH2 group of the cytosine, this is compensated for by a
new hydrogen bond between E345 and 5hmC. This structure also maintains the stabilizing
E345 hydrogen bond with the NH2 of the adenine base, and the R348 salt bridges with E345
and the 5’-phosphate group. Finally, it is concluded that the reason that a similar, stabilized
complex does not form with the 5mC maodification is that it lacks the added hydroxyl group
of the 5hmC moiety to form compensating hydrogen bonds.

Structural analysis of USF1 homodimers binding to 5mC or 5hmC in the E-box.

A similar structure analysis for the USF1 homodimer binding to the double-stranded E-box
DNA motif CACIGTG 2° (PDB:1AN4) was performed. Figure 10A shows the interface of
the protein and nucleotide bases with the conserved glutamic acid E208 (USF1 numbering)
sidechain hydrogen bonding to the NH2 group of the first cytosine of the E-box motif, and
the sidechain of R211 interacting with both E208 and the 5’-phosphate of the same cytosine.
However, the conformations of the two complexes (TCF3 and USF1) differ such that an
added 5mC group no longer overlaps with the glutamic acid, but forms a greater steric
conflict with the arginine sidechain. As shown in Figure 10A, the added methyl group is half
buried in the R211 guanidinium group. Molecular dynamics simulations were able to
identify alternate conformations to relieve the steric conflict (not shown), the E208 and
R211 sidechains were significantly more distorted than for the TCF3 complex model. An
additional conflict is shown in Figure 10B, where the added 5mC methyl group also overlaps
with the C2’ carbon of the deoxyribose group of the previous nucleotide on the 5’ side.
Thus, not only does the modification sterically clash to a greater extent with USF1 than
TCF3, but it also prohibits the conformation of the DNA preferentially bound by the protein.
This observation is also true for the 5hmC modification, since both 5mC and 5hmC moieties
have a bulky carbon at the same position. Another factor that would restrict the ability of
USF1 to bind the modified DNA is that the position of the E208 sidechain is
conformationally constrained by the bulky sidechain of R212 (Figure 10A). The analogous
position in TCF3 and TCF4 is a smaller valine residue. The qualitatively greater steric
conflicts in the USF1 structure are consistent with the experimental findings that this protein
is unable to form a stable complex with either 5mC or 5hmC containing E-box motif.
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This structural analysis only focused on the most obvious, steric and hydrogen bonding
effects of cytosine modification on protein binding at the primary site of interaction of the
protein with the E-box bases (i.e., the CA dinucleotide). More complex methods are required
to explain the subtler experimental results presented here.

Discussion

5mC and 5hmC can occur outside of CG dinucleotides, particularly in stem cells & and brain
10, expanding the landscape of sequence-specific DNA binding of TFs. We examined how
double-stranded DNA containing 5mC or 5hmC on one DNA strand changed DNA binding
of TCF4 and USF1, two members of the B-HLH domain protein family. 5mC on one strand
inhibits DNA binding of both TCF4 and USF1. 5hmC eliminates USF1 binding but
dramatically enhances TCF4 binding to the E-Box motifs ACATIGTG and ACACIGTG
sequences, which are better bound than any 8-mer with cytosine.

The biological importance of binding DNA containing 5hmC outside of CG dinucleotides is
difficult to evaluate. TCF4 ChlP-seq can evaluate if 5hmC containing E-Box motifs are
bound in vivo 34 35, Cytosine modifications outside of CG dinucleotides are rare and never
become prominent in a population of cells making it very difficult to biochemically examine
them. Potentially, biological samples will be discovered or created where 5hmC not in CG
dinucleotides is prominent in a population of cells. A potential method to evaluate TCF4
binding to E-Box maotifs containing 5ShmC is genetic, it may be possible to design alleles that
do not bind to unmodified DNA but still bind to 5hmC containing DNAs. If these alleles
have biological activity, it suggests that 5hmC binding is biological important.

The amino acid sequence around the invariant glutamate that interact with the cytosine in the
E-Box CANINTG is different between TCF4 and USF1, suggesting that a structural
understanding of TCF4 binding to 5hmC might be possible. USF1 has four bulky arginines
following the glutamic acid (ERRRR) while TCF4 has only two (ERLRV) suggesting that
the TCF4 structure may be more amenable to conformational changes when it preferentially
binds 5hmC. This conformational flexibility is seen in the two forms of the TCF3-DNA
complex in the X-ray structure 28,

Some B-HLH proteins preferentially bind to ACACIGTG motif with unmodified cytosine
including Bhlhe41, Clock, Hey2, and Npas2 2°. It will be interesting to determine if 5hmC
inhibits DNA binding as occurs with USF1. This could act potentially as a switch with one
protein binding with cytosine and TCF4 binding when the motif contains 5ShmC. This
manuscript has presented a new method to examine how 5mC and 5hmC affects DNA
binding of TF. This method can be expanded to additional modified bases like 5fC, 5caC,
and N6-methyladenine 36. This expanded DNA sequence landscape shows dramatic
biochemical changes in DNA binding that may be biologically important.

Conclusion

In summary, we developed a new protein binding microarray method, in which single-
stranded oligonucleotide arrays were double-stranded with either 5-methyl cytosine or 5-
hydroxymethyl cytosine. The modified double-stranding procedure creates asymmetric
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distribution of cytosine mimicking what occurs in mammalian stem cells and brain tissues.
Using this modified arrays we examined the DNA binding of two B-HLH proteins: TCF4

an

d USF1. DNA binding of both proteins was inhibited by 5mC. 5hmC increased DNA

binding of TCF4 to E-box motifs ACACIGTG and ACATIGTG. 5hmC inhibited DNA
binding of USF1. These highlight the utility of the modified protein binding microarray
method to examine how modified cytosines alter the DNA binding of sequence-specific TFs.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of modified PBM double-stranding procedure.
Single stranded HK arrays were double-stranded with either cytosine (black spot), 5mC (red

spot), or 5hmC (blue spot) using a common primer.
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Figure 2. Double-stranding efficiency of the PBM s with cytosine, 5mC, and 5hmC.
Fluorescence intensities, from lowest to highest values, of the spiked Cy3-dCTP across 40k

features of the HK array (blue), divided by the number of cytosines in the 35-mer variable
sequence (red) for double-stranding with (A) 5mC and (B) 5ShmC.
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Figure 3. TCF4-GST B-HLH domain binding to DNA 8-mer s containing cytosine, 5mC or 5ShmC

on onestrand.

DNA 8-mers containing E-boxes are labeled as red spots, 8-mers with a cytosine are black,
and 8-mers without a cytosine are grey. A. TCF4-GST binding to 8-mers containing cytosine
(X-axis) or 5mC on one DNA strand (Y-axis). The Z-score values for cytosine and 5hmC are
written in [x-axis : y-axis] format. B. TCF4-GST binding to 8-mers containing cytosine (X-
axis) or 5hmC (Y-axis). C. TCF4-GST binding to 8-mers containing 5mC (X-axis) or 5hmC
(Y-axis). 8-mers shown are from modified strand.
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Figure 4. Effect of 5hmC on TCF4-GST binding to E-Box 8-mer s containing only one cytosine.
E-boxes containing DCADIDTGD were well bound by both cytosine and 5hmC. Four E-box

motifs are labeled to highlight the differences in binding with cytosine and 5hmC. D is the
IUPAC DNA code for A, T, or G.
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Figure 5. Effect of two cytosines within E-box 8-merson TCF4-GST binding to DNA with
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A. CCADIDTGD is only bound with cytosine. B. DCACIDTGD is only bound with 5hmC.
C. DCADICTGD is only bound by cytosine. D. DCADIDTGC is the most variable, with
5hmC generally favoring DNA binding.
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Figure 6. Effect of CAT, CAC, CAG or CAA in the E-box motif (CANINTG) on binding of TCF4-
GST to 5hmC and Cytosine.

A. E-box half site CATINTG motifs binding DNA containing cytosine or 5hmC.
ACATIGTG is only well bound with 5hmC, while CATICTG is only bound with cytosine. B.
E-box half site CACINTG motifs binding DNA containing cytosine or 5ShmC. Similar to
CATINTG, E-box motifs containing ACACIGTG preferentially bind DNA containing 5hmC,
while CACICTG preferentially binds DNA containing cytosine. C. E-box half site
CAGINTG motifs binding DNA containing cytosine or 5hmC produces a more complex
pattern. D. E-box motifs containing CAAINTG with cytosine or 5hmC are not well bound
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by TCF4-GST. DNA 8-mers containing E-box are red spots, 8-mers with a cytosine are
black.
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Figure 7. TCF4-GST binding to complementary DNA 8-mer s containing cytosine or 5hmC on

onestrand.

A) The difference in Z-scores (5ShmC-cytosine) for 8-mers from Watson-strand plotted
against the difference in Z-scores for the complimentary Crick strand. 8-mers shown are
from the Watson strand. Red spots contain the E-Box CANINTG, black spots are 8-mers
with a cytosine. B) E-Box CATINTG. C) E-Box CACINTG. D) E-Box CAGINTG. E) E-

Box CAAINTG.
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Figure 8. USF1-GST B-HLH domain binding to DNA 8-mers containing cytosine, 5mC or 5hmC

ononestrand. A.

USF1-GST binding to 8-mers containing cytosine (X-axis) or 5mC (Y-axis). B. USF1-GST
binding to 8-mers containing cytosine (X-axis) or 5hmC (Y-axis). C. USF1-GST binding to
8-mers containing 5mC (X-axis) or 5hmC (Y-axis). DNA 8-mers containing E-boxes are
labeled as red spots, 8-mers with a cytosine are black, and 8-mers without a cytosine are

grey.
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Figure 9. Structural modeling of TCF3 with cytosine, 5mC and 5hmcC.
Crystal structure of TCF3 (E47) homodimer bound to E-box DNA (Ellenberger et al., 1994).

One protein monomer is represented as a grey surface, and the other monomer as a blue
surface. Highlighted amino acid side-chains are shown as van der Waals spheres, and DNA
is shown as sticks. Atom color code: protein carbon — grey, DNA carbon — magenta, oxygen
—red, nitrogen — blue, phosphorous — yellow, hydrogen — white. A) Invariant glutamic acid
interacting with the CA dinucleotide. Focus on the interface of the protein with E-box DNA
bases. B) Steric clash of 5mC modification with E345 and R348. The added methyl carbon
is shown as a transparent VDW sphere. C) Alternate structure with 5ShmC maodification.
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Figure 10. Structural modeling of USF1 with 5mC.
Crystal structure of USF homodimer bound to E-box DNA (Ferre-D’Amare et al., 1994).

Representations are similar to Figure 9. A) Shown is the interface of the protein with the E-
box DNA bases, illustrating 5mC modification overlap with R211. B) Alternate view
showing steric conflict of 5mC modification and deoxyribose of previous nucleotide. The
5mC methyl carbon and sugar-phosphate backbone are shown as VDW spheres.
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